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ABSTRACT 

Van  Wijk,  Adriaan  Jacobus.   M.S.C.E.,  Purdue  University,  December  1982. 
Determination  of  the  Structural  Coefficients  of  a  Foamed  Asphalt  Re- 
cycled Layer.   Major  Professors:   E.  J.  Yoder  and  L.  E.  Wood. 

The  increased  interest  in,  and  the  actual  use  of,  cold  recycling 
has  emphasized  the  need  to  know  more  about  the  actual  field  performance 
of  cold  recycled  pavement  layers.   Although  cold  recycling  has  obvious 
advantages  in  energy,  construction  material  and  cost  savings,  these 
advantages  will  be  of  little  benefit  if  the  recycled  layer  does  not 
perform  as  expected.   The  performance  of  a  pavement  layer  is  taken  into 
consideration  in  the  AASHTO  design  method  by  the  structural  coefficient. 
The  AASHTO  design  method  is  used  by  more  than  65  percent  of  the  states 
in  the  United  States.   Incorrect  values  used  in  thickness  design  can 
lead  to  either  over  expenditure  or  early  failure  and  unscheduled 
maintenance.   It  is  therefore  important  to  have  reliable  structural 
coefficients  to  use  in  pavement  design. 

The  main  objective  of  this  research  was  to  determine  structural 
coefficients  for  a  foamed  asphalt  recycled  layer.  A  linear  elastic 
multi-layer  analysis  and  fatigue  characteristics  of  the  recycled  layer 
and  subgrade  were  used  to  determine  the  coefficients.   Some  information 
used  in  the  analyses  was  obtained  from  laboratory  tests  on  samples 
taken  from  a  section  of  road  SR  16  which  was  constructed  with  a 
foamed  asphalt  recycled  base  course.   Most  of  the  information  was  ob- 
tained from  nondestructive  Dynaflect  tests  on  the  same  road.   The 


nondestructive  tests  indicated  that  the  pavement  with  the  foamed 
asphalt  recycled  layer  had  higher  deflections  and  was  probably  weaker 
than  the  initial  pavement  a  few  days  after  construction.   The  deflec- 
tions decreased  over  time  and  the  deflection  characteristics  250  days 
after  construction  were  similar  to  those  of  the  initial  pavement, 
indicating  that  the  recycled  layer  is  getting  stronger  and  surpassing 
the  initial  pavement.   Since  reliable  fatigue  life  relationships  were 
not  available  for  the  recycled  layer  and  the  subgrade,  a  range  of 
structural  coefficients  was  developed  which  can  be  used  in  the  design 
of  a  foamed  asphalt  recycled  layer  with  similar  properties. 


CHAPTER  1:   INTRODUCTION 

The  energy  crisis  in  1973  stimulated  the  search  for  alternatives 
for  conventional  pavement  construction  methods  and  materials.   Although 
used  since  the  1930' s,  the  recycling  of  pavements,  especially  asphalt 
pavements,  became  a  feasible  alternative  to  rehabilitation  and  re- 
construction in  the  1970's.   Since  then  the  emphasis  has  shifted  from 
the  main  concern  of  saving  energy  to  the  more  efficient  use  of  highway 
funds.   The  construction  cost  of  highways  has  more  than  doubled  since 
1973  (97).   The  motor  fuel  tax  revenue  is  the  cornerstone  of  the  state 
highway  finance  system.   In  the  early  1970's  motor  fuel  tax  revenue 
supplied  63  percent  of  all  state  user  tax  revenue  and  in  1980  only  55 
percent  (14).   These  motor  fuel  taxes  are  collected  from  fuel  consumed 
by  the  highway  user.   With  the  introduction  of  more  fuel-efficient  cars, 
the  average  fuel  consumption  (miles  per  gallon)  of  new  cars  has  roughly 
doubled  since  1973  (97)  while  the  total  fuel  consumption  has  decreased 
since  1978  (14).   Although  the  tax  rate  increased  slightly,  the  states' 
highway  departments  received  less  money  to  construct  highways  with 
higher  construction  costs. 

The  emphasis  further  moved  from  the  construction  of  new  highways 
to  the  maintenance  of  existing  highways  (91).   At  the  end  of  1975  more 
than  100,000  miles  of  interstate,  arterial  and  collector  highways  were 
rated  as  "poor".   Research  at  the  General  Motors  Research  Laboratories 
(GMR)  indicated  that  26,000  miles  of  highways  should  have  been 
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resurfaced  or  reconstructed  each  year  since  1975.   The  cost  can  increase 
to  as  much  as  $28.9  billion  in  ten  years  until  1985  (55). 

In  1979,  94  percent  of  all  paved  roads  in  the  U.S.  utilized 
bituminous  surfaces.   In  Indiana  approximately  83  percent  of  the  total 
paved,  hard-surface  structures  under  the  jurisdiction  of  the  Indiana 
Department  of  Highways  has  bituminous  surfaces  (48).   The  possibilities 
for  the  use  of  bituminous  pavement  recycling  are  therefore  obvious. 

Recycling  can  save  energy,  pavement  material  and  reduce  costs  if 
it  performs  as  expected.   The  construction  of  inferior  pavements  through 
recycling  may  lead  to  the  loss  of  all  the  benefits  of  recycling.   The 
strength  of  the  pavement  layers  is  usually  taken  into  consideration  in 
the  design  of  a  pavement  by  the  AASHTO  structural  coefficient  or  an 
equivalency  factor.   The  selection  of  the  correct  structural  coefficient 
for  each  layer  will  lead  to  the  effective  use  of  highway  funds,  since 
the  performance  will  be  known.   The  best  construction  method  (con- 
ventional or  recycled),  the  optimum  layer  thicknesses,  materials,  and 
maintenance  program  can  be  selected  with  the  performance  of  each  pave- 
ment section  known.   The  structural  coefficients  developed  during  the 
AASHTO  Road  Test  are  unfortunately  only  truly  representative  of  the 
pavement  materials  used  in  the  Road  Test  and  therefore  the  suggestion 
after  their  development  that  they  should  be  used  with  care  and  if 
possible  be  verified  for  a  specific  material  in  specific  environmental 
conditions  (69).   The  above  verification  has  been  done  through  the 
construction  of  AASHTO  Satellite  Test  Road  facilities.   The  structural 
coefficient  is  further  dependent  on  environmental  and  geometric 
conditions  (69) . 


A  large  amount  of  research  has  been  conducted  to  determine  the 
properties  of  various  recycled  mixtures,  but  on  the  other  hand,  little 
research  has  been  directed  to  the  establishment  of  reliable  structural 
coefficients  for  those  mixtures.   Layer  coefficients  vary  considerably 
with  material,  binder  and  mixing  process  (47).   A  binder  that  showed 
promise  for  use  in  cold  recycling  is  foamed  asphalt.   No  reliable 
structural  coefficients  have  been  developed  for  foamed  asphalt  recycled 
mixtures,  although  some  have  been  developed  for  foamed  asphalt  stabilized 
materials  (36).   Foamed  asphalt  recycling  has  only  been  used  to  a  very 
limited  extent  in  actual  field  application  in  the  U.S.  and  not  at  all 
in  Indiana. 

The  main  objective  of  the  study  was  to  determine  the  structural 
layer  coefficients  of  specific  foamed  asphalt  recycled  mixture.  An 
experimental  section  of  4.2  miles  (6.72  km)  constructed  on  State  Road 
16  approximately  40  miles  (64  km)  north  of  Lafayette,  Indiana,  utilizing 
foamed  asphalt  in  cold  recycling  was  used  as  a  source  for  information 
regarding  the  properties  of  the  foamed  asphalt  recycled  material  and 
the  reconstructed  pavement.   A  computer  program  (BISTRO)  based  on  the 
layered  elastic  theory  was  used  to  calculate  stresses,  strains  and 
deformations  in  the  pavement  section.   These  strains  and  deformations, 
with  fatigue  characteristics  were  used  to  compare  the  foamed  asphalt 
recycled  layer  with  a  standard  AASHTO  (American  Association  of  State 
Highway  and  Transportation  Officials)  Road  Test  asphalt  concrete  layer. 
The  BISTRO  program  requires  as  input,  wheel  loads,  the  elastic 
properties  (elastic  moduli  and  Poisson's  ratios)  and  the  thicknesses 
of  the  layers. 


The  main  part  of  this  study  was  the  determination  of  the  elastic 
properties  and  the  thicknesses  of  the  different  layers.   Information 
was  obtained  from  two  sources,  viz.  laboratory  or  in-situ  testing  and 
nondestructive  testing.   The  latter  was  done  by  means  of  Dynaflect 
deflection  measurements.   Information  regarding  the  subbase  and  sub- 
grade  was  obtained  from  in-situ  Dynamic  Core  Penetrometer  (DCP)  tests 
and  actual  measurements  of  layer  thicknesses.  Laboratory  compacted  and 
core  specimens  of  the  foamed  asphalt  recycled  layer  and  the  surface 
layer  were  used  to  determine  the  elastic  properties  and  fatigue 
characteristics  of  these  layers.   Since  the  foamed  asphalt  recycled 
material  was  of  primary  concern  in  this  study  a  more  detailed  testing 
program  was  conducted  on  the  foamed  asphalt  recycled  laboratory  and 
core  specimens  to  obtain  the  following  information: 

1.  The  effect  of  different  temperatures  on  the  resilient  moduli, 
Poisson's  ratios  and  tensile  strengths. 

2.  The  effect  of  different  curing  times  on  the  resilient  moduli, 
Poisson's  ratios  and  tensile  strengths. 

A  secondary  study  was  also  performed  to  investigate  the  effect  of 
the  following  factors  on  the  properties  of  the  foamed  asphalt  recycled 
material: 

1.  Water 

2.  Storage  in  a  closed  plastic  bag 

3.  Stockpiling 

4.  Specimen  density 

5.  Compaction  water  content 

6.  Moisture  content  during  testing 


In  addition  to  the  resilient  moduli  and  tensile  strengths  used  as 
indicators  of  the  strength  of  the  mixture,  the  Marshall  and  the  Hveem 
R-values  were  also  used.   The  strengths  of  the  laboratory  compacted 
specimens  were  also  compared  with  those  of  the  core  specimens. 

The  information  from  the  main  part  of  the  study  was  used  to 
determine  the  structural  coefficients  in  this  study. 


CHAPTER  2:   LITERATURE  REVIEW 


2.1.   Introduction 


The  properties  of  any  material  play  an  important  part  in  the 
structural  capabilities  of  the  material  as  a  pavement  layer.   It  is 
therefore  important  to  know  what  the  properties  of  the  foamed  asphalt 
recycled  material  are.   A  study  of  recycling  has  shown  that  there  is  a 
strong  correlation  between  the  structural  equivalency  of  a  recycled 
layer  and  a  conventional  mixture  with  the  same  binder  (18).   The  first 
part  of  this  chapter  presents  a  brief  overview  of  properties  of  re- 
cycled and  foamed  asphalt  materials  as  they  relate  to  the  strength  of 
the  material,  based  mainly  on  laboratory  studies.   Very  few  studies 
have  been  conducted  to  investigate  the  in-situ  performance  of  these 
materials,  but  by  examining  the  behavior  of  all  cold  recycled  mixtures 
and  foamed  asphalt  mixtures  the  behavior  of  foamed  asphalt  recycled 
material  in  actual  use  can  be  anticipated.   The  field  applications  of 
cold  recycling  and  foamed  asphalt  are  also  briefly  summarized. 

A  summary  of  the  most  widely  used  flexible  pavement  design  methods 
follows  the  section  on  the  materials  to  give  some  perspective  on  the 
significance  of  structural  equivalency  factors  in  the  design  of  pave- 
ment structures.   This  is  followed  by  some  of  the  methods  used  to 
determine  the  structural  layer  coefficients  or  equivalency  factors, 
after  those  established  from  the  AASHTO  Road  Test. 


2.2.   Foamed  Asphalt 

2.2.1.   Research 

The  process  of  foaming  asphalt  was  first  developed  in  the  mid 
1950's  by  Prof.  Csanyi  of  Iowa  State  University.   He  used  a  steam 
generator  to  produce  the  foam  (15).   An  altered  foaming  method  using 
only  cold  water  and  hot  asphalt  was  developed  in  Australia,  by  Mobil 
Oil,  during  1970  (7).   This  latter  method  was  simpler,  readily  con- 
trolled and  more  economical  and  revived  interest  in  the  use  of  foamed 
asphalt  (83). 

Research  in  the  properties  of  foamed  asphalt  and  foamed  asphalt 
mixtures  was  conducted  during  that  time  by  Mobil  Oil  in  Australia. 
They  evaluated,  among  other  things,  resilient  properties,  creep 
properties  and  determined  structural  layer  equivalencies  for  these 
mixtures  based  on  laboratory  results  (86,  87,  88).   This  research  was 
supplemented  by  research  on  the  properties  of  foamed  asphalt  sand 
mixtures  in  South  Africa  (3,  4).   Research  in  the  United  States  on  the 
properties  of  foamed  asphalt  and  foamed  asphalt  mixtures  were  done  mainly 
at  Purdue  (8,  12),  Texas  A  &  M  (35),  Iowa  State  University  (32)  and 
the  Colorado  Department  of  Highways  (1,  2). 

Researchers  at  Purdue  examined  the  foaming  characteristics  of 
various  asphalt  cements  at  different  temperatures  with  varying  amounts 
of  water.   They  also  studied  the  properties  and  factors  that  affect 
mixtures  of  foamed  asphalt  and  three  aggregates  in  Indiana  (12). 

The  Colorado  Department  of  Highways  also  investigated  the  foaming 
properties  of  different  asphalt  cements  at  different  temperatures.   They 
also  calculated  some  strength  coefficients  using  the  Chevron  n-layer 


stress-sensitive  computer  program  to  calculate  tensile  strains  at  the 
bottom  of  the  asphalt  layer  for  different  thicknesses  of  a  foamed 
asphalt  stabilized  layer.   From  these  strains  and  general  fatigue  life 
relationships  a  thickness  that  would  give  the  same  fatigue  life  as  a 
four  inch    (100  mm)  hot  asphalt  mixture  was  determined.   The  equivalency 
of  the  hot  mix  was  taken  as  0.44  and  the  foamed  asphalt  mixture  a 
fraction  thereof  depending  on  its  comparative  thickness. 

Research  at  Iowa  State  University  evaluated  the  factors  that 
affect  the  strength  of  the  mixtures  based  on  Marshall  stability  or 
bearing  capacity  (32). 

„            .      /Marshall  Stability.    ,120-Marshall  Flow, 
Bearing  Capacity  =  (^^11  Flow }  x  ( 100 } 

(2.1) 
Researchers  at  Texas  A  &  M  University  examined  the  structural 
properties  of  laboratory  foamed  asphalt  mixtures  (35).   One  set  of 
structural  coefficients  based  on  comparisons  with  AASHTO  Road  Test 
materials  and  another  set  based  on  the  vertical  compressive  subgrade 
strain  were  determined.   The  Chevron  program  was  used  to  calculate  the 
strains.   Hveem  R-values  as  a  criteria  for  satisfactory  shear 
resistance  were  used.   Fatigue  life  characteristics  of  foamed  asphalt 
mixtures  based  on  maximum  tensile  strain  were  developed  and  compared 
with  those  of  hot  asphalt  mixtures  to  calculate  equivalency  factors  at 
68°F  (20°C)  and  80°F  (30°C)  for  subgrade  strengths  of  3,000  psi  (435 
MPa)  and  30,000  (4350  MPa).   The  BISAR  computer  program  was  used. 

Research  performed  at  Ohio  State  University  for  Mobil  Oil  compared 
the  structural  equivalencies  of  three  foamed  asphalt  mixtures  with  an 


emulsified  asphalt  mixture  as  surface  and  as  base  course  (38).   In  the 
analysis  the  tensile  strains  at  the  bottom  of  the  layers  were  compared 
for  different  thicknesses.   An  elastic  layer  computer  program  was 
again  used  to  determine  these  strains. 

The  following  is  a  summary  of  the  major  conclusions  of  the  studies 
mentioned  above: 

1.  The  strength  of  the  foamed  asphalt  increases  with  curing  time 
(especially  the  first  three  days)  but  the  strength  after  the 
first  day  is  high  enough  for  the  pavement  layer  to  be  opened 
to  traffic  (12,  32). 

2.  The  mixture  stiffens  significantly  at  constant  moisture  and 
temperature  over  time  and  the  stiffness  is  permanent  (88) . 

3.  The  mixing  water  content  has  a  big  influence  on  the  strength. 
It  varies  for  different  materials,  but  is  between  65  and  80% 
of  the  optimum  moisture  content  for  maximum  density  (32). 

4.  The  percentage  of  fines  in  the  mixture  is  very  important. 

5.  The  strength  of  the  mixture  depends  on  the  asphalt  content 
(32,  12). 

6.  The  mixture  is  temperature  susceptible  (12,  86). 

7.  The  mixture  is  susceptible  to  water.   The  strength  is  reduced 
substantially  when  saturated.   The  rate  of  water  absorption  is 
decreased  as  curing  time  is  increased.   The  strength  will  be 
restored  after  drying,  but  it  takes  up  to  30  days  to  reach 
equilibrium  (12,  32). 

8.  The  strength  of  the  mixture  is  still  acceptable  when  mixed  at 
temperatures  of  50°F  (10°C)  (12). 
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9.   Foam  half  lifes  of  between  10  and  140  sec.  and  foam  ratios 
of  between  5  and  20  have  no  significant  influence  on  the 
properties  of  the  foamed  asphalt  mixtures  (32). 
10.   There  is  no  apparent  difference  between  the  steam  and  cold 
water  method  (32). 
Since  the  properties  of  foamed  asphalt  mixtures  are  influenced  by 
various  factors  e.g.,  material,  mixing  method,  environmental  conditions, 
etc.,  care  must  be  taken  in  the  interpretation  of  the  conclusions 
given  above.   The  conclusions  were  made  from  specific  studies  and  should 
be  verified  for  specific  conditions  and  materials  by  tests,  but  should 
be  true  in  general.   Table  2.1  summarizes  some  of  the  properties  of  the 
foamed  asphalt  mixtures  obtained  in  the  cited  research.   Only  those 
properties  of  importance  in  this  study  are  given. 

The  values  in  Table  2.1  are  general  and  depend  on  factors  such  as 
temperature,  asphalt  and  moisture  content,  mixing  and  compaction 
methods,  testing  methods  and  curing  times. 

2.2.2.   Application 
In  1956  Csanyi  (15)  described  the  in-place  bituminous  soil 
stabilization  using  foamed  asphalt  in  Iowa.   This  was  probably  the 
first  field  application  in  the  United  States.   This  method,  using  a 
steam  generator  to  produce  the  foam  was  also  used  in  Maricopa  County, 
Arizona  in  1960  (45)  and  at  Nipawin  in  Canada  in  1964  (93) .   Due  to 
the  inconvenience  of  the  steam  generator  in  construction  this  method 
was  not  widely  used. 
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Table  2.1.  Properties  of  Foamed  Asphalt  Mixtures  from  the  Literature 

Marshall  Hveem 

Reference  Stability  (lb)      R  E  (psi)  Remarks 

1,2  —           —  314,000-1,060,000  at  72°F 

35  —  86-94  120,000-   300,000  at  72°F 

86  —  93-98  350,000-1,050,000  at  72°F 

12  2,100-6,000  86-94  95,000-   115,000  at  72°F 

8  1,070-1,950        —  —  at  72°F 

32  3,000-8,000        —  --  at  77°F 


E  =  elastic  modulus 
1  psi  =6.9  kPa 
1  lb  =  4.45N 
°C  =  5/9  (°F-32) 
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The  modification  of  this  method  by  Mobil  Oil  in  Australia  made 
the  procedure  easier  and  more  economical  to  use  in  construction.   Con- 
ventional equipment  could  be  used  with  only  minor  modifications.   Since 
1970  the  use  of  foamed  asphalt  in  construction  increased.   Foamed 
asphalt  has  been  used  as  a  binder  in  bituminous  stabilization  projects 
in  Australia  (7)  and  in  South  Africa  (4). 

Conoco  Oil  obtained  the  patent  rights  for  foamed  asphalt  in  the 
United  States  after  1970.   Foamed  asphalt  has  since  been  used  in 
various  states  among  others  Colorado  (1,  2,  44),  Michigan  (52)  and 
Oklahoma  (25).   The  foamed  asphalt  base  courses  have  been  overlayed  by 
fog  sealing,  slurry  seals  (44)  and  more  widely  a  thin  asphalt  concrete 
layer.   The  base  course  material  has  also  been  mixed  in-place  (52)  and 
at  a  central  plant  (1). 

The  construction  procedure  did  not  cause  any  serious  problems  or 
major  equipment  changes  although  some  problems  occurred  in  some  cases 
initially  (2,  44).   The  foamed  asphalt  stabilized  layers  have  performed 
well  this  far. 

2.3.   Recycling 

2.3.1.   Research 
After  the  recycling  of  asphalt  pavements  gained  prominence  various 
studies  were  conducted  to  evaluate  the  characteristics  and  performance 
of  recycled  materials.   The  studies  examined  various  types  of  recycling 
methods  viz.  cold,  hot,  in-place  or  batch  plant  mixing  and  various 
types  of  asphalt  binders.   Most  of  these  research  efforts  and  results 
were  reported  and  published  in  proceedings  of  the  Association  of 
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Asphalt  Paving  Technologists  (AAPT)  since  1974,  and  the  Transportation 
Research  Record  Number  780,  which  contains  the  proceedings  of  the 
National  Seminar  on  Asphalt  Pavement  Recycling.   None  of  these  studies 
dealt  explicitly  with  the  determination  of  the  structural  layer 
equivalencies  of  recycled  layers. 

A  study  conducted  by  researchers  at  Texas  A  &  M  University  and 
reported  in  the  National  Cooperative  Highway  Research  Program  Report 
(NCHRP)  Number  224  (18)  and  NCHRP  Synthesis  of  Highway  Practice  Number 
54  (17)  developed  some  structural  layer  equivalencies  for  various  types 
of  recycled  mixtures.   The  structural  equivalencies  were  determined 
from  the  maximum  vertical  (compressive)  strain  on  the  subgrade  and 
used  to  compare  the  recycled  layer  with  a  layer  in  a  certain  section 
of  the  AASHTO  Road  Test.   The  vertical  strain  on  the  subgrade  has  been 
correlated  to  the  number  of  repetitions  to  failure.   The  thickness  of 
the  recycled  layer  to  give  the  same  number  of  repetitions  to  failure 
was  compared  to  the  thickness  and  structural  layer  coefficient  of  the 
Road  Test  layer.   The  Texas  A  &  M  study  also  used  the  maximum  tensile 
strain  at  the  bottom  of  the  asphalt  layer  and  some  fatigue  character- 
istics to  determine  structural  layer  equivalencies  (33)  .   The  developed 
structural  equivalencies  were  very  general  and  not  for  a  specific 
binder. 

Iida,  in  one  of  the  first  studies  at  Purdue  University  on  cold 
recycling,  investigated  the  long  term  behavior  based  on  the  creep  test. 
Liquid  asphalt,  emulsified  asphalt  and  other  softening  agents  as 
binders  were  studied   (28). 
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The  Iida  study  was  followed  by  studies  to  determine  the  foaming 
characteristics  of  asphalts  used  in  Indiana,  the  performance  of 
Gyratory  and  Marshall  compacted  specimens,  as  well  as  the  effect  of 
curing  time  and  water  on  the  stability  of  foamed  asphalt  recycled 
mixtures  (8). 

The  most  recent  research  is  an  in-depth  study  on  the  character- 
istics of  cold  recycled  mixtures  (66).   This  study  included  foamed 
asphalt  as  a  binder.   An  AC-2.5  asphalt  cement  (at  330°F)  was  mixed 
with  2%  cold  water  (by  weight  of  asphalt)  to  produce  the  foam.   The 
recovered  materials  were  obtained  from  two  sources  viz.  artifically 
aged  asphalt  concrete  and  asphalt  concrete  from  an  in-use  pavement. 
The  recovered  material  had  an  asphalt  content  of  about  5%  by  weight  of 
aggregate.   The  effects  of  curing  time,  compactive  effort,  percent 
asphalt  added,  testing  temperature  and  effect  of  water,  were  tested. 
No  virgin  aggregate  was  added.   The  researcher  also  developed  structural 
layer  equivalencies  based  on  the  vertical  strain  on  the  subgrade,  which 
is  directly  correlated  to  the  stiffness  of  the  overlaying  recycled 
layer. 

The  following  is  a  summary  of  the  studies  mentioned  above  on  re- 
cycling: 

1.   The  binder  has  a  softening  effect  on  the  recycled  mixture  in 
the  first  few  days  after  mixing.   This  is  followed  by  a 
hardening.   This  is  caused  by  the  diffusion  of  the  virgin 
binder  into  the  old  binder.   This  diffusion  is  a  function  of 
time,  temperature  and  additional  traffic  compaction  (66).   The 
softening  effect  is  large  when  the  difference  between  the 
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viscosities  of  the  old  and  new  binder  is  large  and  the  dis- 
persing power  of  the  agent  is  small  (28).   The  resilient 
modulus  and  permanent  deformation  depict  this  softening  for 
hot  recycling.   The  Marshall  stability  test  is  not  sensitive 
enough  to  show  a  difference  (66).   It  is  unclear  whether  the 
creep  compliance  test  shows  the  effect  (28)  or  is  too  in- 
sensitive to  show  the  effect  (66).   The  effect  on  creep 
compliance  will  depend  on  the  test  method,  the  recycled 
material  and  test  used. 

2.  The  level  of  asphalt  added  has  a  significant  effect  on  the 
resilient  modulus.   The  optimum  for  the  study  at  Purdue  was 
approximately  1%  by  weight  of  aggregate  (66).    It  is  also 
a  function  of  the  asphalt  content  of  the  recycled  material. 

3.  The  resilient  modulus,  Marshall  stability  and  index  usually 
increase  with  an  increase  in  compaction  effort.   The  Hveem-R- 
value  decreases  with  the  increase  in  compaction  effort  with 
high  percentages  of  asphalt  added  (66). 

4.  The  stiffness  (M^)  increases  rapidly  with  curing  time  in  the 
first  14  days  and  levels  off  after  14  days  (66) . 

5.  There  is  a  significant  difference  between  the  strength  after 
ultimate  curing  (curing  in  oven)  and  after  only  28  days 
curing  in  air  (66).   The  first  is  much  higher  than  the  latter, 

6.  All  the  strength  parameters, (M^,  Hveem-R- value,  Marshall 
stability,  and  index)  are  significantly  reduced  by  the 
exposure  to  water  (66). 
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7.  The  stiffness  of  the  recycled  layer  increases  with  time  after 
construction  due  to  the  densif ication  under  wheel  loads  and 
the  gradual  development  of  creep-actuated  stiffening  (5) . 

8.  Different  added  virgin  binders  have  different  effects  on  the 
old  binders  and  on  the  mixture  properties  (65). 

Table  2.2  summarizes  some  of  the  important  material  property-values  that 
were  obtained  in  the  discussed  studies.   It  is  clear  that  properties 
of  the  recycled  mixtures  vary  considerably. 

2.3.2.   Application 
Cold  recycling  has  been  used  extensively  in  the  United  States. 
States  like  Arkansas,  California,  Florida,  Illinois,  Indiana,  Kansas, 
Kentucky,  Louisiana,  Maine,  Michigan,  Nebraska,  Nevada,  New  Jersey, 
New  York,  Pennsylvania,  Tennessee,  Texas,  and  Washington  have  used 
cold  recycling  to  reconstruct  pavements.   It  has  also  been  used  in 
various  other  places  in  the  world  (90).   Emulsified  asphalt  has  been 
used  in  most  cases,  with  liquid  asphalt  in  some.   To  date  there  has 
not  been  a  reported  full  scale  field  application  of  foamed  asphalt  as 
a  binder  in  the  recycling  of  asphalt  pavements. 

2.4.   Flexible  Pavement  Design  Methods 
The  most  widely  used  flexible  pavement  design  methods  are 
summarized  here  with  special  emphasis  on  the  use  of  the  structural 
equivalency  concept. 
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Table  2.2.   Properties  of  Cold  Recycled  Mixtures  from  the  Literature 


Hveem 
Reference    Stability  (lb)      R         E  (psi)  Remarks 

66  4,200-9,000       85-95    60,000-200,000    28  day  cure 

Emulsion 
added  at  77°F 

66  5,900-8,400       91-95   100,000-200,000    28  day  cure 

Foamed  asphalt 
added  at  77°F 

32  85-1,394        —  —         at  140°F 


E  =  elastic  modulus 
1  psi  =6.9  kPa 
°C  =  5/9  (°F-32) 
1  lb.  =  4.45N 
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2.4.1.   AASHTO  Design  Procedure 
Tests  conducted  by  the  American  Association  of  State  Highway 
Officials  (AASHO)  on  a  specially  constructed  loop  system  near  Ottawa, 
Illinois  between  October  1958  and  late  1960  led  to  a  design  procedure 
that  was  developed  based  on  the  performance  of  different  pavement 
systems.   The  serviceability  was  evaluated  by  a  selected  panel  of 
people  on  an  arbitrary  scale  of  0  to  5  with  5  an  excellent  pavement. 
This  measure  of  serviceability  was  defined  as  the  Present  Serviceability 
Ratio  (PSR).   The  PSR  was  statistically  correlated  with  different 
physical  measurements  to  give  the  following  equation: 

PSI  =  5.03  -  1.91  log  (1  +  SV)  -  1.38  RD2  -  0.01  (C  +  P)1/2 

(2.2) 
where 

PSI  =  p  =  present  serviceability  index 

SV  =  slope  variance  along  the  wheelpath  (a  measure  of 

longitudinal  roughness) 
RD  =  depth  of  wheelpath  rut  (inches) 
C   =  cracked  area  (ft/1000  ft) 
P   =  pathed  area  (ft/1000  ft) 
An  empirical  equation  was  also  developed  that  correlated  the 
axle  load  applications  with  the  strength  of  the  pavement. 

log  W  g  =  9.36  log  (SN  +  1)  -  0.20  +  G/g  +  log  - 

+  0.372  (S.  -  0.30)  (2.3) 

where    G  =  log  \'\  ~_   g~)  (2.4) 
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3=0.40+ 109\  .Q  (2.5) 

(SN  +  1)  * 

where 

W  1Q  =  total  number  of  equivalent  18  kip  (80  kN)  load 
tlo 

applications  after  time  t. 

SN   =  structural  number  (measure  of  strength  based  on 
performance) 

p    =  serviceability  after  time  t 

R    =  regional  factor 

S.    =  soil  support  value  (measure  of  subgrade  soil  strength). 
The  structural  number  (SN)  is  defined  as  an  index  number  derived 
from  an  analysis  of  traffic,  roadbed  soil  conditions,  and  regional 
factors  that  may  be  converted  to  thickness  of  various  flexible  pavement 
layers  through  the  use  of  suitable  layer  coefficients  related  to  the 
type  of  material  being  used  in  each  layer  of  the  pavement  structure. 
The  layer  coefficient  (designated  by  a..  ,  a„  and  a_  for  the  surface, 
base  and  subbase  respectively)  is  the  empirical  relationship  between 
the  structural  number  of  a  pavement  structure  and  layer  thickness, 
which  expresses  the  relative  ability  of  a  material  to  function  as  a 
structural  component  of  a  pavement  (69,  76).   The  relationship  is: 


SN  =  a1h  +  a2h2  +  a^  (2.6) 

where  h  ,  h  and  h  are  the  thicknesses  corresponding  to  the  three 
layers  (surface,  base  and  subbase)  and  a..  ,  a„  and  a„  are 
corresponding  layer  coefficients. 
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The  layer  coefficients  were  empirically  developed  during  the  AASHTO 
Road  Test.   These  coefficients  (given  in  Table  2.3)  are  reliable,  but 
only  directly  applicable  to  the  types  of  materials  and  environmental 
conditions  represented  in  the  Road  Test.   Procedures  similar  to  those 
used  at  the  original  Road  Test  have  since  been  used  at  satellite 
projects  to  determine  structural  coefficients  for  a  specific  area  and 
local  materials  (73,  74).   Reliable  coefficients  are  important  since 
they  can  have  a  big  influence  on  the  design  thickness.   High  stability 
plant  mixed  asphalt  concrete  has  the  highest  coefficient  (0.44)  and 
strengths  of  the  other  materials  (or  their  influence  on  performance) 
are  expressed  as  a  fraction  of  0.44  to  give  the  structural  coefficients. 

2.4.2.   California  Bearing  Ratio  (CBR)  Method 
The  California  Bearing  Ratio  is  a  measure  of  load-carrying 
capacity.   The  load-carrying  capacity  of  subgrade  and  base-type 
materials  are  compared  with  that  of  a  high-quality  crushed  stone  base 
material  (61).   The  CBR  is  expressed  as  a  percentage  of  the  penetration 
resistance  to  that  of  a  standard  value  of  crushed  stone. 

This  method  is  used  in  the  US  Corps  of  Engineers  and  National 
Crushed  Stone  Association  design  procedures.   It  is  an  empirical  pro- 
cedure based  on  the  CBR-values  of  the  different  pavement  components. 
The  basis  of  this  method  is  to  provide  adequate  thickness  and  quality 
of  material  to  prevent  repetitive  shear  deformations  within  any  layer 
(76). 

The  general  equation  is: 

c  =   Pr 1 _  J_]  (2.7) 

L8.1  CBR     pTTJ 
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Table  2.3.   Structural  Coefficients  from  AASHTO  Road  Test 
(from  Ref.  69) 


Coefficient 


Pavement  Component 


Surface  course: 

Road  mix  (low  stability) 
Plant  mix  (high  stability) 
Sand  asphalt 


0.20 
0.44 
0.40 


Base  course: 

Sandy  gravel 
Crushed  stone 
Cement  treated 
Bituminous  treated 
Lime  treated 


0.07 

0.14 

0.15-0.23 

0.30-0.34 

0.15-0.30 


Subbase: 


Sandy  gravel 

Sand  or  sandy  clay 


0.11 
0.05-0.10 
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where 

t  =  thickness  required  above  the  subgrade 
P  =  wheel  load 
p  =  tire  pressure 
The  Federal  Aviation  Administration  (FAA)  has  developed  design 
curves  for  flexible  airport  pavements  based  on  the  CBR  method  of  design 
(85). 

Structural  layer  equivalencies  are  not  explicitly  used  in  the  CBR 
design  methods. 

2.4.3.   California  Method  of  Design  (Hveem  Stabilometer) 
This  method  is  based  on  the  Hveem  resistance  value,  equivalency 
factors  and  a  measure  of  the  traffic  volume  and  loads  (TI) .   The  design 
was  based  on  field  performance.   The  equation  used  in  the  design  is: 

GE  =  0.0032  (TI)  (100  -  R)  (2.8) 

with     GE  =  gravel  equivalent 

TI  =  traffic  index  (a  measure  of  the  wheel  loads  and  volume 

of  traffic) 
R  =  Hveem  resistance  value 
The  equation  can  be  used  to  determine  a  required  gravel  equivalent 
(GE)  above  each  layer.   The  GE  is  then  adjusted  by  the  equivalency 
factor  to  give  the  final  thickness. 

The  equivalency  factors  depend  on  the  type  of  material,  in  which 
layer  it  is  used  and  the  Traffic  Index  (TI)  for  the  asphalt  concrete 
surface  (Table  2.4).   According  to  the  table  a  bituminous  treated  base 
is  approximately  0.60  times  as  strong  as  an  asphalt  concrete  surface 
for  a  Traffic  Index  (TI)  of  8.0. 
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Table  2.4.   California  Gravel  Equivalent  Factors  (after  Ref.  76) 


Pavement  Component 


Gravel  Equivalent  Factor  (Gf) 


Asphalt  Concrete 
Bituminous-Treated  Base 
Lime-Treated  Base 
Cement  Treated  Base 
Aggregate  Base 
Aggregate  Subbase 


1.52-2.50* 

1.2 

1.2 

1.2  or  1.7 

1.1 

1.0 


,vvalues  depend  on  Traffic  Index. 
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2.4.4.   Asphalt  Institute  Method 

This  design  method  is  based  on  the  stresses  and  strains  induced  by 
an  axle  load  on  a  layered  pavement  system.   The  pavement  is  regarded  as 
a  multi-layered  elastic  system.   The  material  in  each  layer  is 
characterized  by  a  modulus  of  elasticity  and  a  Poisson's  ratio.   The 
traffic  is  expressed  in  terms  of  repetitions  of  an  18,000  lb  (80  kN) 
single  axle  applied  to  the  pavement  on  two  sets  of  dual  tires. 

Two  limiting  strain  criteria  were  used  to  develop  design  curves 
viz. 

1.  Horizontal  tensile  strain  (e  )  on  the  underside  of  the 
asphalt  concrete  or  asphalt  stabilized  layer,  whichever  is 
closest  to  the  subgrade.   Excessive  horizontal  strains  can 
cause  fatigue  cracking. 

2.  Vertical  compressive  strain  (e  )  at  the  surface  of  the  sub- 
grade.   Excessive  compressive  strains  can  cause  rutting. 

The  thickness  required  for  a  full  depth  asphalt  pavement,  emulsified 
asphalt  base  (three  types)  and/or  granular  base  for  a  given  subgrade 
and  expected  repetitions  of  18,000  lb  (80  kN)  axle  loads  can  be 
determined  from  these  design  curves  (95) . 

Older  design  manuals  used  a  substitution  ratio  (Sr)  to  convert 
from  a  thickness  of  asphalt  concrete  to  an  equivalent  thickness  of 
some  other  material.   The  ratio,  Sr,  ranged  from  2.0  to  2.7  for  un- 
treated base  material  depending  on  the  quality  of  the  material. 
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2.4.5.   Mechanistic  Design  Procedures 
Pavements  can  also  be  designed  using  an  existing  computer  program 
which  would  calculate  stresses,  strains  and  deformations  in  the  pave- 
ment.  The  computer  programs  were  developed  from  theories  on  the 
behavior  of  the  pavement  layers.   The  stresses  or  strains  are  usually 
correlated  to  load  repetitions  by  laboratory  tests  (9,  10).   Structural 
layer  coefficients  are  not  explicitly  used  in  this  design  method, 
since  the  material  is  characterized  by  its  elastic  properties  viz. 
elastic  moduli  and  Poisson's  ratio.   Pavement  response  models  are 
widely  used  in  the  determination  of  structural  coefficients. 

2.4.5.1.   Pavement  Response  Models 

Flexible  pavements  can  be  represented  by  the  following  systems: 

1.  Multilayer  elastic  systems 

2.  Multilayer  visco-elastic  systems 

3.  Finite  element  configuration  (both  two  and  three  dimensional) 
(51). 

These  systems  with  their  appropriate  theories  have  been  incorporated  in 
commercially  available  computer  programs  to  simulate  flexible  pavement 
response.   The  most  widely  used  programs  are  based  on  the  elastic  theory 
and  for  multilayered  elastic  systems  are: 

BISTRO/BISAR  (Shell) 

CHEV5L  (Chevron  Research  Co.) 

ELSYM5  (University  of  California,  Berkeley) 

CRANLAY  (Australian  Commonwealth  Scientific  and  Industrial 
Research  Organization) 
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PSAD2A  (University  of  California,  Berkeley) 

PSAD  (from  NCHRP-1-108)     (51,  67) 
Programs  that  use  the  finite  element  theory  are  FEPAVEII  and  the  ILLIPAVE 
(University  of  Illinois,  Urbana) . 

The  selection  of  the  response  model  or  computer  program  depends  on 
its  availability  and  the  necessary  sophistication.   The  finite  element 
method  is  probably  a  more  realistic  method  of  simulating  a  flexible 
pavement,  but  it  is  very  expensive.   A  two  way  finite  element  program 
can  be  two  to  five  times  more  expensive  than  a  multilayered  elastic 
program  (6).   The  elastic  layered  models  give  a  reasonably  good 
correlation  with  the  actual  strains  in  the  bound  layers  (6)  although 
some  differ  from  those  obtained  by  a  finite-element  model  (26).   The 
surface  deflections  are  the  same  for  the  two  models  (BISAR  vs.  ILLI-PAVE) 
(26).   One  of  the  big  limitations  of  the  elastic  layered  programs  are 
that  they  assume  linear  elastic  moduli  when  the  moduli  are  non-linear. 
Some  of  the  programs  e.g.  PSAD2A  and  CHEV5L  have  included  an  iteration 
process  to  adjust  the  moduli  of  the  stress-sensitive  layers. 

2.4.5.2.   Material  Characterization 

The  pavement  response  models  use  the  elastic  properties  (elastic 
modulus  and  Poisson's  ratio)  and  the  thickness  of  the  layers  as  input. 
The  elastic  properties  are  usually  obtained  from  laboratory  testing. 
The  elastic  moduli  of  the  asphalt  mixtures  are  usually  determined  as  a 
constant  for  a  given  temperature,  while  the  resilient  moduli  of 
granular  material  and  subgrade  are  a  function  of  their  stress  state  in 
the  pavement.   The  relationships  are: 
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M  =  k.0  2    for  granular  material  (2.9) 


where 


MR 


=  resilient  modulus 


=  bulk  stress  =  CT  +  a„  +  0_ 


and 


where 


k  and  k?  are  constants  determined  from  laboratory  tests. 


M  =  k  a ,  2    for  subgrade  material  (2.10) 


a,  =  deviator  stress  =  0„  -  <J 
d  j     1 

k1  and  k„  are  constants  determined  from  laboratory  tests. 
The  relationships  considered  for  use  in  this  study  are  given  in  Table 
2.5  for  the  granular  material  and  Table  2.6  for  subgrade  material. 

2.4.5.3.   Distress  Modes 

The  layers  in  the  pavement  must  either  be  stiff  enough,  thick 
enough  or  both  to  withstand  the  effects  of  the  repeated  loads  on  the 
pavements  without  failure.   The  failure  can  be  structural  or  functional. 
Functional  failure  or  failure  of  the  pavement  to  carry  out  its  intended 
function  without  discomfort  to  the  passengers  or  excessive  strains  on 
the  vehicles  (76)  is  usually  measured  by  rutting.   Other  factors  like 
the  loss  in  skid  resistance  or  ravelling  can  also  cause  functional 
failure.   Rutting  is  caused  mainly  by  the  vertical  strains  on  the  sub- 
grade.   The  allowable  number  of  load  repetitions  or  equivalent  axle 
loads  (N  )  to  give  a  certain  maximum  rut  depth  have  been  correlated  with 
the  maximum  vertical  subgrade  strain  (e  )  in 

n  =  k1(l/ev)  2  (2<11) 
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Table  2.5.   Resilient  Modulus  -  Bulk  Stress  Relationships  for  Granular 
Materials 


MR  =  k1e 


Reference 


Material 


76 


55 


26 


33 


sand 

gravel  (clay) 

granular 

limestone 
bank  run  gravel 
sand  aggregate 
crushed  stone 
slag 

crushed  stone 
gravel 


base 
subbase 

base 
subbase 


fall 


spring 


6700 

.36 

1900 

.61 

9600 

.55 

0000 

.4 

5000 

.4 

3800 

.5 

6000 

.5 

2500 

.35 

9000 

.33 

6500 

.30 

4000 

.6 

5400 

.6 

3200 

.6 

4600 

.6 

9  =  bulk  stress 

M^  =  resilient  modulus  (in  psi) 

k  and  k„  =  coefficients  (constants) 

1  psi  =  6.9  kPa 
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Table  2.6.   Resilient  Modulus  -  Deviator  Stress  Relationships  for 
Subgrade  Materials 

k0 


M 


R 


kiad 


Reference 


Material 


33 


67 


AASHTO  Road  Test 
(fall) 

AASHTO  Road  Test 
(spring) 


a_  =  5  psi 
a  =  2.5  psi 


27000 

-1.06 

8000 

-1.06 

36300 

-1.1 

20900 

-1.1 

O     =  deviator  stress  (psi) 

M^  =  resilient  modulus  (psi) 

k-,  and  k  =  coefficients  (constants) 
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where 

Nf  =  number  of  allowable  load  repetitions 

£  =  maximum  vertical  subgrade  strain 
v 

k  and  k„  are  constants  for  a  specific  material. 
The  relationships  considered  in  this  study  are  summarized  in  Table  2.7. 
Structural  failure  or  the  collapse  of  one  or  more  of  the  pavement 
layers  is  usually  caused  by  fatigue  cracking  in  the  asphalt  layers, 
although  it  can  also  only  be  a  functional  failure  (76) .   The  maximum 
tensile  strain  or  stress  at  the  bottom  of  the  asphalt  layers  are 
usually  used  as  a  criterion  for  fatigue  cracking.   Relationships 
correlating  the  number  of  load  repetitions  to  failure  (Nf)  with  either 
the  tensile  stress  (a  )  or  strain  (e  )  at  the  bottom  of  the  asphalt 
layers  have  been  developed.   These  relationships  have  mostly  been 
developed  through  laboratory  fatigue  testing  of  asphalt  mixtures 
usually  in  the  form  of  beam  specimens.   The  loads  were  usually  applied 
through  either  a  controlled  stress  or  controlled  strain  conditions. 
In  the  controlled  stress  condition  a  constant  cyclic  load  is  applied 
throughout  the  testing  process.   The  deflection  is  measured  to  determine 
the  strain.   Failure  is  defined  as  the  point  at  which  the  specimen  can 
no  longer  withstand  a  desired  load.   In  the  case  of  the  controlled 
stress  testing  failure  occurs  at  complete  fracture  of  the  specimen. 
In  the  controlled  strain  testing  procedure  the  strain  is  maintained  at 
a  constant  level  in  the  form  of  a  predetermined  value  of  deflection 
or  strain.   The  load  required  to  produce  this  deflection  is  measured. 
Failure  or  the  fatigue  life  is  reached  when  the  dynamic  load  is  at  a 
predetermined  level  of  the  initial  load,  usually  50  to  75  percent.   The 
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Table  2.7.   Subgrade  Compression  Strain-Fatigue  Life  Relationships 
Considered 


Ref. 


(*10-3) 


Relationship 


Comments 


18,  76 


10 

ioe 

10* 


2.70 
1.03 
0.40 


-2    -0  25 
e  =2.8*10  (Nf) 


Used  in  the 
shell  design 


18,    76 


10 

10* 

10* 


0.64 
0.36 
0.89 


Used   in  Kentucky 


27 


10 

io{ 


1.66 
0.65 
0.26 


^BIOV1-9765 
-0.20081og1()Nf 


Based  on  AASHTO 
Road  Test 


74 


10 

10* 

10* 


0.450 


Prevent  rutting 
of  0.25  inches 


35 


10 
10f 


logN  =2.05076 
-597.662(t:  ) 
-1.32967(loge  ) 


e     =  maximum  subgrade  compressive  strain 
N  =  number  of  load  applications  to  failure 


1  inch  =  25.4  mm 


32 


controlled  stress  test  is  used  for  asphalt  layers  that  give  structural 
support  to  the  pavement  (more  than  three  to  four  inches) .   The  con- 
trolled strain  test  is  used  for  layers  less  than  three  to  four  inches 
which  give  no  structural  support  (42).   The  relationships  are  in  the 
form: 

Nf  =  k±    (l/er)k2  (2.12) 

where 

Np  =  number  of  load  repetitions  to  failure 
E  =  tensile  strain  repeatedly  applied 

k  and  k„  are  constants  for  a  specific  material  determined 
from  strain  controlled  tests. 

or       N  =  k   (l/ar)  2  (2.13) 

where 

Nf  =  as  defined  before 

o  =  tensile  stress  repeatedly  applied 

k1  and  k„  are  coefficients  determined  from  stress  controlled 
tests. 
Laboratory  curves  can  and  usually  are  shifted  to  recognize  crack 
propagation  effects,  the  possibility  of  healing  between  loads,  etc. 
(51).   Strains  can  also  have  different  magnitudes,  due  to  temperature 
changes  over  the  life  of  the  pavement.   If  this  is  considered: 


En. 

— i  <  1  (2.14) 

N.   - 

l 
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where 

n.  =  number  of  applications  of  strain  G. 

N.  =  number  of  applications  to  failure  at  strain  c.  (or 
1  i 

stress  a.)  (16). 
The  relationships  considered  for  use  in  the  study  are  summarized  in 
Table  2.8. 

2.4.6.   Summary 
The  two  currently  used  design  methods  in  which  the  structural 
layer  equivalencies  or  coefficients  are  used  directly,  are  the  AASHTO 
and  California  method  of  design.   The  AASHTO  design  method  as  described 
in  the  Interim  Guides  is  used  in  33  states  in  the  United  States,  in- 
cluding Indiana.   The  Hveem  stabilometer  method  is  used  by  six  and  the 
CBR-method  by  one  of  the  other  states  (62). 

2.5.   Determination  of  Structural  Layer  Coefficients 
Structural  layer  coefficients  and  structural  layer  equivalencies 
are  essentially  the  same.   Both  relate  the  strength  or  performance 
capability  of  the  pavement  material  (according  to  a  specific  criteria 
e.g.  cracking)  with  that  of  a  material  with  known  performance 
characteristics  usually  the  hot  asphalt  surface  mixture  used  in  the 
AASHTO  Road  Test.   The  coefficient  is  given  as  a  proportion  of  the 
coefficient  determined  during  the  AASHTO  Road  Test.   To  give  the  same 
structural  number  (SN)  the  thickness  of  the  layer  has  to  be  increased 
in  the  same  ratio  as  the  coefficients  of  the  layer  and  the  AASHTO  hot 
mix.   The  structural  layer  equivalency  is  given  as  the  thickness  of  the 
layer  to  give  the  same  performance  as  another  layer,  usually  the  AASHTO 
hot  mix  surface  layer. 
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Table  2.8.   Asphalt  Fatigue-Life  Relationships  Considered 

k  ' 

Nf  =  k^l/Ej.)  2 


Reference 


Comments 


35 


56 


9.02   * 

10 

2.29 

8.19   * 

lO"7 

3.15 

2.01   * 

io-5 

2.69 

4.36   * 

lO"8 

3.47 

4.78  x 

io'9 

3.89 

7.87   x 

io"7 

3.29 

1.084  *  10 


5.33  *  10 


-6 


2.16  *  10 


-13 


3.29 


3.291 


4.995 


Foamed  asphalt  M^=160,000 
psi.   Cured  for  60  days. 
ATB  emulsion 
AC  Base  (Colorado) 

Asphalt  treated  base  courses 

Emulsified  mixtures. 

E*  =  600,000  psi  (Chevron) 

Laboratory  beam  tests  on 
AASHTO  Road  Test  material. 
For  10%  measured  cracking 
(Finn,  et.al.) 

On  AASHTO  Road  Test 
material.   For  45%  measured 
cracking 

Laboratory  beam  tests  on 
AASHTO  Road  Test  materials 
(Monismith) 

Based  on  strain  at  bottom 
of  AASHTO  Road  Test  pave- 
ments. 


98 


Relationship 

log  N  =  -17.2278  +  5.57686 

log(l/er) 

+  0.033594(T) 


log  N  =  06.70799  +  4.19585 

log(l/er) 

-  0.13385(T)+0.001362(T)2 


Asphalt  concrete  base 

Controlled  stress 
Asphalt  concrete  surface 

Controlled  stress 


N  =  number  of  load  applications  to  failure 

E   =  tensile  strain  at  the  bottom  of  the  asphalt  layer, 
r 

k1  and  k„  =  coefficients 


T  =  temperature  in  °F, 
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The  coefficient  can  be  defined  as: 


a.  =  coefficient  =  (h  /h.)  a  (2.15) 

x  sis 


and  the  equivalency  factor  =  (h  /h  )  (2.16) 


where 

h  =  thickness  of  a  standard  material  (usually  a  hot  asphalt 
s 

concrete  mixture) 

h.  =  thickness  of  the  material  i 

l 

a  =  structural  coefficient  of  the  standard  material. 
s 

Structural  coefficients  or  equivalencies  are  a  function  of  various 
factors  viz.  pavement  temperature,  surrounding  layer  thicknesses, 
loading  intensities,  moisture  changes  in  the  subgrade,  material  stiff- 
nesses and  strengths. 

2.5.1.   Development  of  the  Structural  Layer  Coefficients 
Coefficients  were  first  developed  after  the  AASHTO  Road  Test. 
The  structural  number  (SN)  was  determined  from  the  AASHTO  equation, 
which  was  developed  based  on  performance.   The  layer  thicknesses  were 
then  used  as  independent  variables  to  predict  SN.   The  regression  co- 
efficients were  used  as  the  structural  coefficients  (69). 

The  coefficients  developed  at  the  Road  Test  were  for  the  types  of 
material  used  in  the  Road  Test.   Coefficients  used  for  other  materials 
were  established  by  rationalization  and  a  study  of  comparative  cohesion, 
stability  and  bearing  values  obtained  in  the  laboratory.   It  was 
emphasized  that  further  experience  and  research  would  be  necessary  to 
establish  valid  coefficients  for  all  materials  (69).   This  led  to 
further  research  by  various  agencies  to  modify  old  or  develop  new 
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structural  equivalencies.  The  following  is  a  summary  of  some  of  the 
coefficients  currently  used  for  bituminous  mixes  and  methods  used  to 
develop  them. 

2.5.2.   The  Asphalt  Institute 
Based  on  an  extensive  survey  of  prior  performance  of  asphalt 
pavements  and  theoretical  considerations  the  structural  equivalencies 
or  substitution  ratios  discussed  in  section  2.4.4  were  determined. 

2.5.3.   National  Crushed  Stone  Association 
Layer  equivalencies,  using  normal  gravel  as  a  standard,  were 
developed  by  dividing  the  vertical  pressure  at  failure  for  each 
material  by  that  for  the  standard  gravel  at  given  lateral  pressures. 
The  researcher  (Nichols)  concluded  that  a  constant  value  cannot  be 
assigned  to  a  specific  material.   It  varies  with  wheel  loads  (69). 

2.5.4.   Arizona 
The  original  coefficients  were  modified  by  including  the  effects 
of  grading,  stability,  thickness,  abrasion  and  type  of  asphalt  for 
bituminous  surfaces  and  bases.   Similar  modifications  were  made  for 
other  types  of  materials  (69). 

2.5.5.   California 
Research  showed  that  the  magnitude  of  the  load  has  a  marked  in- 
fluence on  the  equivalency  of  a  bituminous  base.   The  property  of 
cohesion  was  used  to  develop  an  empirical  relationship  to  adjust  mixes 
which  did  not  have  tensile  strength  characteristics  similar  to  that  of 
the  asphaltic  concrete  at  the  AASHTO  Road  Test  (69). 
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2.5.6.  Illinois 

Studies  showed  that  the  coefficients  vary  with  the  strength  of 
material  used  in  the  pavement.   The  coefficients  of  the  surface  (a  ; 
and  the  base  course  (a  )  were  correlated  with  the  Marshall  stability 
for  bituminous  mixes.   The  upper  value  of  0.44  represents  the  asphalt 
concrete  used  in  the  Road  Test.   The  modification  of  the  coefficients 
was  based  on  tests  conducted  by  the  state  and  experience  with  co- 
efficients developed  during  the  Road  Test  (69). 

2.5.7.  Louisiana 

The  coefficients  were  modified  based  on  the  strength  of  the 
material.   The  coefficients  of  the  bituminous  mixes  vary  as  a  function 
of  the  Marshall  stability  (69). 

2.5.8.   New  Mexico  and  Wyoming 
The  structural  coefficients  were  also  varied  as  a  function  of  the 
Marshall  stability  for  asphalt  concrete  surface  layers  (69). 

2.5.9  Ohio 
Theoretical  asphalt  concrete  equivalencies  were  calculated  on  a 
continuous  hourly  or  fourth-hourly  basis  for  a  245-day  period. 
Equivalence  was  defined  as  that  thickness  of  base  necessary  to  replace 
one  inch  of  surfacing  for  equal  deflection.   Deflections  were  calculated 
using  the  layer  elastic  theory  and  the  results  of  static  and  dynamic 
laboratory  tests  of  the  pavement  materials  in  the  frequency  domain. 
19  kip  (84  kN)  single  axle  loadings  moving  at  50  mph  (80  kmh)  were 
assumed  (13). 
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2.5.10.   Texas 
The  coefficients  of  asphalt-treated  bases  were  determined  from 
the  Texas  triaxial  class  at  140°F  (60°C)  and  the  asphalt  concrete  on 
cohesiometer  values  (69). 

2.5.11.   Pennsylvania 
Research  was  conducted  at  the  Pennsylvania  Transportation  Research 
Facility  which  is  a  one-mile,  one-lane  test  road  composed  originally 
of  17  test  pavements.   It  was  constructed  in  1972.   Four  of  the  sections 
were  replaced  by  eight  shorter  segments  in  1974.   The  structural 
coefficients  of  the  base  course  materials  were  determined  by  using  two 
different  methods  of  analysis  viz: 

1.  AASHTO  performance  analysis:   serviceability  indicators 
(e.g.,  rut  depth,  cracks,  patching  etc.)  were  monitored  bi- 
weekly to  calculate  PSI.   The  pavement  life  expressed  in  terms 
of  18  kip  (80  kN)  equivalent  axle  loads  (EAL)  (N  )  and  the 
rate  of  change  of  serviceability  loss  (3)  could  also  be 
determined  throughout  the  experiment.   Regression  analysis  of 
3  or  log  p  with  thicknesses  of  surface  course  and  base  course 
was  used  to  determine  the  coefficients  a,  and  a„  in  the 
equation: 

SN  =  ah  +  ah  +  ah  (2.6) 

2.  Limiting  criteria  concept.   The  tensile  strain  at  the  bottom 
of  the  asphalt  layer  and  the  maximum  surface  deflection  were 
used  to  predict  fatigue  cracking.   Maximum  compressive  strain 
on  top  of  the  subgrade  was  used  to  predict  rutting.   All  three 
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strain  criteria  were  related  to  the  number  of  EAL  to  cause 

the  appropriate  type  of  failure  (fatigue  cracking  or  rutting). 

The  BISAR  elastic  layer  program  was  used  to  determine  the 

coefficients  for  the  most  critical  of  the  three  cases: 

9  36 
p  =  0.64  (SN  +  ir*JD    (72,  73,  74)  (2.17) 

2.5.12.   US  Forest  Service  (24) 
Researchers  used  two  methods  to  determine  structural  coefficients 

1.  The  AASHTO  method:   The  actual  number  of  EAL  and  PSI  were  used 
to  back-calculate  a. -values  for  open  graded  asphalt  emulsion 
mixes  (OGAEM) . 

2.  The  limiting  strain  criteria:   The  maximum  tensile  strain 
under  the  OGAEM  layer  and  the  maximum  compressive  strain  on 
top  of  the  subgrade  were  used  to  determine  the  number  of  load 
repetitions  to  failure  (Nf)  for  the  critical  case.   Strain  to 
failure  and  Nf  relationships  developed  by  Chevron  were  used. 
The  strains  were  calculated  by  a  computer  program.   The  co- 
efficients were  determined  by  the  following  equation: 

where 

^/-.a™  =  structural  coefficient  of  OGAEM 
OGAEM 

a,      =  0.44 
hot 

d      =  thickness  of  hot  mix  asphalt  concrete 

<!.„._„  =  thickness  of  the  OGAEM  to  give  the  same  Nr-value 
OGAEM  °  f 

at  failure  as  the  hot  mix  asphalt  concrete. 
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The  structural  coefficients  are  a  function  of  EAL,  the  subgrade 
modulus  and  the  modulus  of  the  OGAEM  layer. 

2.5.13.  Virginia 
The  following  equation  and  regression  analysis  were  used  to 
determine  equivalency  factors  for  base  course  layers: 

log  d  =  a0+ax  (hl  +  ^  h2  +  !l  h3  +  i  Gs)  (2.19) 

where 

d        =  maximum  deflection  during  the  spring 

a  /a1    =  thickness  equivalency  factor  of  the  subgrade 

G        =  equivalency  grading  of  the  subgrade  soil 
s 

h  ,h„,h.  =  thickness  of  the  surface,  base  and  subbase  course 

respectively 
a„,a  ,a  ,a  =  regression  coefficients  (70). 

2.5.14.   Recycled  Materials 
The  following  methods  were  used  in  a  comprehensive  study  to  de- 
termine structural  equivalencies  to  evaluate  the  characteristics  of 
recycled  materials  (34): 

1.   The  subgrade  deformation  was  used  to  determine  structural 

coefficients  for  the  recycled  layers.   The  subgrade  deforma- 
tion correlates  well  with  the  performance  loss,  as  measured 
by  rut  depth  and  riding  quality,  in  the  AASHTO  Road  Test.   A 
typical  AASHTO  section  (loop  4)  was  modeled  by  the  stress- 
sensitive  layered  elastic  Chevron  computer  program.   A  rela- 
tionship between  the  number  of  18,000  lb  (80  kN)  single  axles 
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to  produce  a  PSI  of  2.5  and  the  vertical  subgrade  deformation 

(induced  by  the  vertical  compressive  strain  on  top  of  the 

subgrade)  was  developed: 

n  nofi  ~3'39  ln  W  (2.20) 

N18(2.5)  =  °-098e 

with  N10/0  c.  =  the  number  of  18000  lb  (80  kN)  load  repetitions 

lb (Zmj) 

to  cause  a  reduction  in  the  present  service- 
ability to  a  value  of  2.5. 

W        =  vertical  subgrade  deformation  (inches) . 
s 

The  recycled  material  was  characterized  by  its  resilient 
modulus  (>L)  and  Poisson's  ratio  and  substituted  in  the  AASHTO 
model.   The  thickness  of  the  recycled  layer  to  give  the  same 
subgrade  deformation  as  in  the  original  pavement  system  was 
compared  with  the  thickness  of  the  corresponding  layer  in  the 
AASHTO  modelled  pavement. 
2.   The  maximum  tensile  strain  at  the  bottom  of  the  surface  layer 
was  also  used  to  determine  the  structural  coefficients  of  re- 
cycled surface  material  (33).   The  model  of  the  pavement  in 
loop  4  of  the  AASHTO  Road  Test  was  again  used.   The  thickness 
of  the  recycled  layer  to  give  the  same  number  of  load 
repetitions  to  failure  as  a  standard  quality  hot  asphalt  mix 
(representing  the  AASHTO  Road  Test  pavement  surface)  was  used 
to  determine  the  structural  coefficients,  since  the  structural 
numbers  (SN)  were  the  same: 

a.h. 

(2.21) 


1      "1 
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with  a1  =  structural  coefficient  of  the  recycled  layer 

a   =  structural  coefficient  of  the  laboratory  standard 

=  0.44 
h'  =  thickness  of  the  recycled  layer 
h   =  thickness  of  the  asphalt  concrete. 

The  materials  were  characterized  at  68°F  (20°C) .   Laboratory 
tensile  strain  versus  fatigue  life  relationships  were  deter- 
mined cor  the  recycled  materials  and  the  laboratory  standard 
hot  asphalt  mixture. 
3.   Based  on  the  concept  that  if  a  uniform  pavement  of  a  given 
elastic  modulus  is  increased  in  thickness  above  a  semi- 
infinite  subgrade  the  maximum  deflection  would  decrease  and 
the  spreadability  would  increase,  charts  were  plotted  using 
layered  elastic  computer  programs  displaying  spreadability 
against  maximum  surface  deflection  for  different  thicknesses 
and  subgrade  moduli.   The  Dynaflect  maximum  defleccion  was 
adjusted  to  correspond  with  the  maximum  deflection  under  a 
dual  wheel  load  of  4500  lb  (20  kN)  per  wheeL.   The  spread- 
ability  of  the  Dynaflect  deflection  basin   is  approximately 
equal  to  that  measured  under  the  dual  4500  lb  (20  kN)  wheel 
load  (32). 
The  in-situ  structural  response  of  a  recycled  layer  was  compared  wir.h 
that  of  a  control  section  by  obtaining  the  effective  thicknesses  from 
the  chart.   The  effective  thickness  is  basically: 


h  =  I     b.t. 
i=l 


(2.22) 
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where 


h   =  effective  thickness 
e 

b.  =  effective  thickness  factor  of  layer  i 

t   =  actual  thickness  of  layer  i 

N   =  number  of  pavement  layers 

The  thickness  equivalency  ratio  was  defined  as  the  ratio  of  the 

recycled  b.  to  the  control  b.. 
i  1 

This  method  is  generally  the  most  reliable  in  rhe  comparison  of 
structural  responses  of  pavements  with  comparable  cross  sections. 

2.5.15.   Foamed  Asphalt  Stabilized  Layers 

1.  The  AASHTO  structural  layer  coefficients  of  the  foamed 
asphalt  were  calculated  and  compared  with  those  established 
for  bituminous  stabilized  bases  at  the  Road  Test  (35).   The 
procedure  was  exactly  the  same  as  the  one  described  in 
section  2.2.14.   It  is  based  on  the  vertical  deformation  of 
the  subgrade. 

2.  The  maximum  vertical  strain  on  top  of  the  subgrade  was  used 
to  calculate  structural  coefficients.   By  using  the  Chevron 
layered  elastic  program  the  subgrade  stiains  were  calculated 
for  a  pavement  system  to  get  a  thickness  of  the  foamed  asphalt 
layer  that  would  give  the  same  strain  as  a  six  inch  hot 
asphalt  mix.   The  thickness  equivalency  was  taken  as  the  ratio 
of  the  thickness  of  the  foamed  asphalt  layer  co  that  of  rhe 
hot  asphalt  mix  layer  of  six  inches  (150  mm).   This  was  done 
for  different  subgrade  moduli  and  different  temperatures, 
which  implies  different  resilient  modulus  values  of  the  asphalt 
layers  (35,  66) . 
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3.  The  thickness  of  the  foamed  asphalt  stabilized  layers  could 
be  determined  such  as  to  give  a  specific  fatigue  Life  from 
laboratory  developed  tensile  strain  (c  )-fatigue  life  (N  ) 
relationships . 

N,  =  k.(l/e  )k2  (2.11) 

fir 

where  k  and  k„  are  coefficients  (constants)  to  be  determined 

for  each  material  through  testing. 
This  thickness  was  then  compared  with  the  thickness  of  the 
hot  asphalt  mix  to  give  the  same  fatigue  life  (35).   The 
tensile  strains  at  the  bottom  of  the  asphalt  layer  were 
taken  as  the  critical  tensile  strains  and  they  were  calculated 
with  the  Chevron  computer  program. 
Another  studv  used  a  similar  method  to  determine  the  structural  co- 
efficients, but  instead  of  developing  strain-fatigue  life  relationships 
for  foamed  asphalt  mixes  relationships  for  asphalt  and  emulsified 
asphalt  mixes  were  used  (1). 

4.  An  additional  study  used  the  maximum  tensile  strain  a t  the 
bottom  of  the  foamed  asphalt  layer  to  compare  thicknesses  of 
foamed  asphalt  layers  wich  an  emulsion  layer.   The  structural 
equivalencies  were  given  as  the  ratio  berween  the  foamed 
aspha] t  and  emulsion  mix  thicknesses  to  give  the  same  tensile 
strains  when  used  as  surface  and  similarly  as  base  course  (38). 

There  are  therefore  a  variety  of  methods  available  to  determine 
structural  coefficients  or  equivalencies.   The  best  method  would  be  one 
that:  would  Include  fatigue,  stiffness  and  the  permanent  deformation 
characteristics . 
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Table  2.9  summarizes  some  of  the  structural  coefficients  or 
equivalency  factors  developed  in  the  studies  described  in  this  chapter. 
The  values  vary  considerably  and  are  a  function  of  the  method  used  as 
well  as  the  properties  and  thickness  of  the  surrounding  layers  and 
the  temperature. 
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Table  2.9.   Structural  Coefficients  and  Equivalency  Factors  from  the 
Literature 


Reference 

Material 

Cc 

>ef f icient 

Equivalency 
Factor 

Remarks 

24 

Open  graded 
Emulsion  Mix 

~ 

1.21-1.25 
1.23-1.29 

1 

2 

70 

Asphalt  base 

-- 

1.33 

Based  on  re- 
gression 

1  0 

Foamed  asphalt 

0. 

23- 

-0. 

,44 

— 

2 

35 

Foamed  asphalt 
Asphalt  base 

0. 

24- 

-0. 

,35 

1.18-2.00 
1.16-1.81 

2.93-3.91 

2.84-3.92 
1.19 

Based  on  AASHTO 

procedures 

1  (E  =3000) 
s 

1  (E  =30000) 

s 

2  (E„=3000) 

2  (Es=30000) 
Based  on  AASHTO 

38 

Foamed  asphalt 

base 
Foamed  asphalt 

surface 

0.46-0.75 
0.50-0.85 

Based  on  streng 
of  emulsion 

5 
46 

69 


Cold  recycled 
material 

In-place  re- 
cycled con- 
crete base 

Bituminous- 
treated 
base 


30-. 38 


0.30 

0.30-0.35 
0.25 
0.34 

0.34 


1.13-2.00 


Illinois 
Arizona 
Wyoming 
Louisiana  (hot 

mix) 
AASHTO  Road 

Test 


1.  Based  on  subgrade  deformation. 

2.  Based  on  the  tensile  strength  in  the  asphalt  layer. 

E  =  elastic  modulus  of  the  subgrade. 
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CHAPTER  3:   CONSTRUCTION  OF  THE  TEST  ROAD 


3.1.   Introduction 


During  1980  the  decision  was  made  by  the  Indiana  Department  of 
Highways  to  construct  an  experimental  section  using  foamed  asphalt  and 
asphalt  emulsion  as  binders  in  cold  recycling.     The  road 

selected  for  this  purpose  was  a  8.8  mi.  segment  oi  SR  16  from  the  junction 
with  SR  231  to  the  Jasper-White  County  line.   It  was  a  road  which  was 
to  be  resurfaced  during  the  same  year.   Figure  3.1  shows  the  location 
of  the  road.   This  segment  was  divided  into  twc  approximately  equal 
segments,  one  utilizing  foamed  asphalt  as  the  binder  and  one  using 
emulsion.   The  main  objectives  of  this  experimental  section  were  (30): 

1.  To  determine  the  feasibility  and  suitability  of  the  use  of 
cold  recycling. 

2.  To  monitor  the  performance  of  such  a  pavement  under  actual 
conditions  of  traffic  and  weather. 

3.  To  determine  the  cost  and  time  required  for  the  project. 

4.  To  determine  the  interest  and  ingenuity  of  the  contractors 
in  this  project. 

5.  To  gain  experience  in  the  use  of  foamed  asphalt  and  emulsion 
in  recycling. 

This  was  especially  true  for  the  construction  of  the  foamed  asphalt 
section,  since  foamed  asphalt  has  not  been  previously  used  in  Indiana. 
Conventional  construction  equipment  had  to  be  modified  to  be  able  to 
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FIGURE  3. 1    LOCATION  OF  THE  TEST  ROAD 
IN  INDIANA 
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produce  and  mix  foamed  asphalt.   The  rest  of  the  chapter  will  center 
around  the  construction  of  the  foamed  asphalt  section. 

3.2.  Condition  of  the  Initial  Pavement 

The  initial  pavement  was  18  foot  (5.5  meter)  wide.   It  showed  a 
few  longitudinal  cracks,  some  rutting,  some  consolidation  and  extensive 
flushing.   The  longitudinal  cracks  appeared  mostly  along  the  wheelpath 
closest  to  the  centerline.   These  cracks  could  have  been  caused  by  the 
lack  of  internal  friction  in  the  sandy  subgrade  (17)  and/or  excessive 
bending  stresses  in  the  wheelpath  (18)  .   None  of  th.ise  pavement  defects 
caused  serious  performance  problems.   The  flushing  created  an  unsafe 
roadway  in  wet  weather  and  the  road  needed  an  improved  cross  section. 

The  traffic  volume  as  determined  in  1978  consisted  of  approximately 
550  vpd  in  both  directions  with  18%  trucks. 

3.3.  Original  Construction  Concept 

The  plan  was  to  reconstruct  the  pavement  using  the  pulverized  in- 
piace  pavement  material  mixed  with  additional  aggregate  and  foamed 
asphalt  as  a  base  course.   It  was  felt  that  cold  in-place  recycling 
could  provide  a  low  cost  simple  construction  procedure. 

In  order  to  design  the  recycled  mixture  and  to  determine  the 
thickness,  tests  were  conducted  on  cores  obtained  from  the  initial  pave- 
ment.  Approximately  100  four  inch  (100  mm.)  cores  were  taken  over  the 
8.8  mile  (14  km.)  section. 
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At  first  24  core  samples  from  six  sites  were  analyzed  to  determine 
the  grading  and  the  asphalt  content.   The  results  are  given  in  Table 
3.1.   In  a  second  investigation  eight  cores  from  four  different  locations 
were  analyzed  to  determine  the  penetration  and  the  kinematic  viscosity 
of  the  asphalt  concrete  in  the  initial  pavement.   The  results  are  given 
in  Table  3.2.   The  average  asphalt  penetration  was  41  pens,  and  the 
average  kinematic  viscosity  460  cSt.   Both  the  penetration  and  the 
viscosity  values  had  large  variances.   The  average  asphalt  content  was 
6.1  percent,  with  a  small  variance. 

Ten  extra  four  inch  (100  mm)  cores  were  analyzed  to  determine  the 
resilient  modulus  (Mr)  at  different  temperatures  and  for  the  top  and 
the  bottom  2.5  inches  (65  mm.)   There  is  no  significant  difference  (at 
alpha  =  0.05)  between  the  Mr-values  obtained  from  the  top  and  the 
bottom  2.5  inches  (65  mm.).   The  average  total  thickness  was  5.8  inches 
(170  mm.).   Visual  inspection  seemed  to  indicate  that  the  top  half  had 
more  asphalt  than  the  bottom  half.   This  was  not  verified  through 
testing.   The  in-situ  CBR-values  were  also  determined  through  Dynamic 
cone  penetrometer  (DCP)  tests  at  28  locations  at  the  center  of  the 
lanes.   The  average  CBR  of  the  sandy  silt  subgrade  was  approximately  12, 
with  a  standard  deviation  of  4.3.   The  subgrade  was  overlaid  by  a,  on 
the  average,  4.8  inch  (120  mm.)  thick  granular  la>er  with  a  CBR  of  30 
(standard  deviation  of  11) . 

Information  obtained  from  the  above  tests,  results  from  research  at 
Purdue  and  practical  experience  were  used  to  establish  the  material  and 
construction  requirements.   The  requirements  are  summarized  in  Table  3.3. 


Table  3.1.   Results  of  Tests  on  24  Core  Samples 
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Ave. 

S.D. 

Range 

%  Asphalt 

6.10 

0.40 

5.06-6.79 

0.75 

inches 

0.83 

1.21 

0-4.18 

% 

0.50 

inches 

8.56 

2  ,89 

4.19-14.72 

Passing 

0.375 

inches 

16.90 

2.75 

11.46-21.50 

Sieve 

U 

34.50 

2.74 

27.39-39.14 

#6 

9.12 

0.89 

7.67-11.14 

#200 

25.11 

4.09 

18.93-37.10 

<#200 

4.39 

0.81 

2,39-5.76 

S.D.  =  standard  deviation 
1  inch  =  25.4  mm 


Table  3.2.   Results  of  Tests  on  8  Core  Samples 


52 


Ave. 


S.D. 


Range 


Penetration  (in  pens) 
Kinematic  viscosity  (cSt) 


//8 

#30 

#40 

#50 

#100 

#200 


% 
Passing 
Sieve 


41 

12.18 

28-63 

459.9 

155.5 

195.2-651.4 

28.3 

2.43 

25.8-33.3 

15.1 

1.41 

13.4-17.9 

13.4 

1.09 

11. 9-15.0 

11.9 

1.07 

10.1-12.5 

8.6 

0.79 

7.3-9.5 

5.5 

0.41 

4.6-5.9 

S.D.   =  standard  deviation 
1  inch  =  25.4  mm 
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Table  3.3.   Construction  and  Material  Requirements 


1.   Foamed  Asphalt: 

Asphalt  concrete:   AC-5 

Mixing  temperature:   330  +  15°F  (165  +  5°C) 

Amount  of  water:   2%  by  weight  of  asphalt 

Expansion  ratio  =  (volume  of  foamed  asphalt)/ (volume  of  asphalt 

cement) 
Half  life  =  20  seconds  =  time  it  takes  the  volume  of  foam  to  reduce 

from  its  maximum  volume  to  one-half  of  the 

maximum  volume 
Temperature  during  processing  >  50°F  (10°C)  during  non-work  periods 
and  it  had  to  be  graded  and  compacted. 


Milled  Material: 


Maximum  size:   three  inch  (75  mm) 

90  to  100  percent  less  than  1-1/2  inch  (38  mm) 

Free  moisture  during  mixing  =  2.5  -  3.5% 


3.  Additional  Aggregate: 

The  construction  section  had  to  be  open  to  two-way  traffic. 
Grading:   meeting  section  903  of  TD0H  standard  specifications 
Coarse  aggregate:   meet  requirements  of  Class  C  aggregate 
Free  moisture  during_mix_ing_=__2_.  5_-_3_.5% 

4.  Geometry  of  the  Pavement: 

Minimum  thickness  of  the  recycled  base:   four  inch  (100  mm) 


5.   Construction: 

The  construction  section  had  to  be  open  to  two-way  traffic  during 
non-work  periods  and  it  had  to  be  graded  and  compacted. 
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The  plan  was  to  reconstruct  the  road  to  a  width  of  22  feet  (6.7 
meter)  by  increasing  the  width  by  two  foot  (600  mm.)  on  each  side. 
Excavations  had  to  be  made  to  a  depth  of  five  inches  (125  mm)  to  extend 
the  five  inch  (125  mm.)  base  course.   The  excavated  material  was  to  be 
used  on  the  shoulders .   Some  additional  aggregate  had  to  be  added  to 
maintain  the  four  inch  (100  mm.)  thickness  of  the  base  course.   Figure 
3.2  shows  a  cross  section  of  proposed  final  pavement. 

A  thickness  of  four  inches  (100  mm)  of  recycled  base  course  and  a 
1-1/2  inch  (38  mm.)  hot  mix  asphalt  concrete  surface  seemed  to  be 
sufficient  to  carry  the  traffic  on  this  road.   No  structural  coefficients 
were  available  to  be  used  in  the  design.   The  selection  of  the  thickness 
of  the  stabilized  base  was  made  strictly  from  a  practical  viewpoint. 

Cold  in-place  recycling  was  specified  in  the  construction  proposal. 
The  initial  pavement  had  to  be  ripped,  milled,  scarified  or  pulverized 
to  a  depth  of  four  inches  (100  mm)  to  such  an  extent  that  100%  of  the 
material  passed  the  three  inch  (75  mm.)  sieve  and  90  to  100%  the  1-1/2 
inch  (38  mm)  sieve.  After  the  excavations  on  the  sides  were  made,  the 
additional  aggregate  had  to  be  placed  on  top  of  the  reduced  and  shaped 
material  at  a  rate  of  approximately  160  lbs.  per  square  yard  (87 
kilograms  per  square  meter) .   The  additional  aggregate  could  be  crushed 
stone,  crushed  blast  furnace  slag,  natural  or  blast  furnace  slag,  sand 
or  a  combination  of  these  materials  meeting  a  standard  specification. 
A  material  complying  to  the  specifications  of  the  Indiana  Department  of 
Highways  for  a  //53  crushed  stone  would  be  acceptable,  as  shown  in 
Figure  3.3. 
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The  first  application  of  foamed  asphalt  had  to  be  applied  directly 
to  the  additional  aggregate  at  a  rate  of  approximately  0.75  gallons  per 
square  yard  (3.5  liters  per  square  meter)  (4%  by  weight  of  aggregate) 
and  simultaneously  shallow  mixed  to  a  depth  of  not  more  than  a  1/2  inch 
(13  mm)  below  the  additional  aggregate  layer.   A  second  application  of 
foamed  asphalt  had  then  to  be  applied  at  1.0  gallon  per  square  yard  (5 
liters  per  square  meter)  (1.5%  by  weight  of  material)  and  mixed  to  full 
depth.   The  hot  mix  surface  at  a  rate  of  20  lbs.  per  square  yard  (11  kg 
per  square  meter)  had  to  be  placed  on  top  of  the  recycled  base  (the 
specifications  are  summarized  in  Table  3.3). 

The  bid  was  made  on  the  basis  of  in-place  recycling  (30) .   The  unit 
prices  were  $0.40  for  the  shallow  mixing,  $1.00  for  full  depth  mixing 
and  $0.25  for  the  spreading  and  compaction  of  the  recycled  base.   The 
successful  low  bidder  was  A.  Metz,  Inc.   The  contractor  was  given  60 
working  days  to  finish  the  8.8  mile  (14  km)  section.   Adjustments  to 
the  proportions  of  the  materials  could  be,  and  were,  made  if  necessary. 

3.4.   Actual  Construction 


The  construction  of  the  foamed  asphalt  section  started  in  August 
1981.   It  was  the  first  experience  the  contractor  had  with  foamed 
asphalt. 

The  contractor  got  permission  to  mix  the  milled  material  and  the 
additional  aggregate  at  a  central  plant  instead  of  in-place.   The  main 
reasons  for  this  were: 

1.   The  contractor  had  a  mixing  plant  available  approximately  5  to 
10  miles  (8  to  16  km)  from  the  construction  site. 
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2.  The  milling  machine  had  difficulty  milling  to  a  depth  of 

four  inches  (100  mm)  in  one  pass.  The  twin  shafted  pugmill  the 
contractor  originally  intended  to  use  was  no  longer  available. 

3.  The  mixing  control  would  be  better  at  a  central  plant. 
During  trial  runs  at  the  central  plant  the  proportion  of  the 

additional  aggregate  to  be  added  was  changed  from  29%  to  approximately 
33%  by  weight  of  reduced  material  or  25%  by  total  weight  of  material. 
This  small  change  did  not  seem  to  influence  the  quality  of  the  mixture. 
#53  crushed  stone  was  to  be  used  as  additional  aggregate.   It  was 
readily  available  to  the  contractor. 

The  centerline  of  the  initial  pavement  was  used  as  reference 
height.   This  meant  that  the  transverse  slope  was  measured  from  the 
centerline.   The  depth  of  the  intended  excavation  of  five  inches  (125  mm) 
on  the  sides  of  the  pavement  therefore  varied  since  the  initial  pavement 
did  not  have  a  constant  transverse  slope. 

The  construction  procedure  was  changed  from  cold  in-place  recycling 
to  cold  recycling  at  a  central  plant.   Figure  3.4  displays  a  flow 
diagram  of  the  actual  construction  procedure.   The  specifications  given 
in  Table  3.3  were  still  valid. 

3.5.   Description  of  the  Actual  Construction  Procedure 
In  order  to  keep  the  road  open  to  traffic  during  non-work  periods 
the  milling  was  done  in  two  layers.   A  CMI  rotomill  was  used.   The 
milling  was  done  by  a  subcontractor.   The  pavement  also  had  to  be  safe 
for  traffic  during  non-work  periods  and  no  dropoffs  were  allowed  over- 
night.  First  a  layer  of  2.5  inches  (65  mm)  was  removed.   The  remaining 
2.5  inches  (65  mm)  of  initial  pavement  was  sufficient  to  sustain  traffic 
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during  construction.   Approximately  8,000  to  10,000  linear  feet  (2400 
to  3000  linear  meter)  of  milling  of  this  9  feet  (2.75  meter)  wide  and 
2.5  inch  (65  mm)  thick  pavement  layer  could  be  done  in  a  day.   The 
milling  was  done  to  the  width  of  a  lane  (9  feet  or  2.75  meter)  at  a 
time.   It  was  found  that  the  milling  was  faster  and  fewer  pieces  larger 
than  three  inch  (75  ram)  were  created  during  colder  weather.   The  milling 
was  therefore  done  mainly  from  early  morning  (6:30  a.m.)  to  just  after 
noon  (2:30  p.m.).   The  milled  material  was  hauled  to  the  central  plant 
and  stockpiled. 

During  the  first  milling  operation  the  additional  aggregate  (//53B) 
was  mixed  with  4  percent  foamed  asphalt  (by  weight  of  aggregate)  and 
stockpiled.   The  mixing  was  done  at  the  central  plant  with  a  modified 
twin-shaft  pugmill.   Figure  3.5  shows  the  process  schematically.   An 
old  Barber-Greene  twinshaft  pugmill  was  modified  to  be  able  to  mix  the 
foamed  asphalt.   Four  large  nozzles  were  installed  to  spray  the  foamed 
asphalt  into  the  mixing  chamber.   The  water  was  stored  in  a  tank  on  the 
ground  and  pumped  under  pressure  to  the  nozzles.   The  asphalt  cement 
came  directly  from  an  asphalt  tanker  at  approximately  330°  F  (165°  C). 
The  asphalt  was  also  pumped  to  the  nozzles  where  it  came  into  contact 
with  the  water  at  the  nozzles.   The  foam  was  produced  with  this  contact 
between  the  water  and  the  hot  asphalt  cement.  The  mixing  time  was 
approximately  45  seconds.   This  modified  pugmill  could  produce  up  to 
240  ton  (120  tons)  of  a  foamed  asphalt  mixture  per  hour.   The  foamed 
asphalt  coated  the  fines  better  than  the  coarse  aggregate,  as  expected, 
since  it  relies  on  the  mastic  properties  of  the  fines.   The  premixed 
stockpile  had  the  color  of  wet  aggregate  and  not  asphalt  coated  aggregate, 
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The  second  milling  operation  followed  the  first  one  and  removed  an 
additional  2.5  inches  (65  ram)  of  initial  pavement.   A  thickness  of 
1  inch  (25  mm),  on  average,  of  initial  pavement  was  left  on  top  of  the 
underlying  layers.   This  protected  the  subgrade  and  avoided  problems 
with  heavy  construction  equipment  on  places  where  very  soft  subgrades 
appeared. 

The  second  milling  operation  was  followed  closely,  at  approximately 
1000  feet  (300  meter),  with  the  placement  of  the  first  three  inches  (75  mm) 
of  the  intended  5.5  inches  (140  mm)  of  recycled  base  course.   The  place- 
ment was  done  by  a  conventional  asphalt  paver  to  a  width  of  11  feet 
(3.35  meter),  which  was  the  lane  width.   The  2  foot  (600  mm)  on  the 
sides  was  cleared  by  a  motor  grader.   Since  the  centerline  height  was 
taken  as  reference  height  and  transverse  slope  had  to  be  1-1/2%  no 
excavations  (as  originally  specified)  were  made.   The  paver  completed 
the  portion  that  had  been  previously  milled  by  the  end  of  the  construc- 
tion day.   This  provided  a  graded,  compacted  and  safe  roadway  during 
non-work  periods.   Care  was  taken,  through  the  milling  of  a  few  centi- 
meters at  the  side  of  the  placed  recycled  material,  to  provide  a  good 
bond  between  the  recycled  material  to  be  placed  in  the  opposite  lane 
and  the  recycled  layer  which  had  already  been  placed. 

The  mixture  used  in  the  paving  operation  was  mixed  in  the  twin- 
shaft  pugmill  at  the  central  plant.   The  reduced  material  was  mixed  with 
the  premixed  additional  aggregate  in  the  ratio  of  3  to  1.   The  percent- 
age of  foamed  asphalt  added  was  1-1/2%  of  the  total  mixture. 

The  compaction  was  started  immediately  after  the  placement  of  the 
first  lift  by  two  passes  of  a  steel  wheel  roller.   This  was  followed  by 
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two  passes  of  a  rubber  wheel  roller  after  a  few  hours  and  another  two 
passes  of  the  same  roller  at  the  end  of  the  day.   Nuclear  density  tests 
showed  that  six  passes  gave  adequate  compaction.   Since  the  road  was 
opened  to  traffic  after  a  few  hours,  traffic  and  especially  the  heavy 
construction  trucks  travelling  to  and  from  the  central  plant  caused 
extra  compaction. 

The  placement  of  the  second  lift  of  2.5  inches  (65  mm)  to  reach  a 
base  thickness  of  5.5  inches  (140  mm)  followed  the  first  lift.   It  was 
placed  and  compacted  in  the  same  way  as  the  first  lift.   An  uncompacted 
placed  layer  of  4  inches  (100  mm)  compacted  to  a  thickness  of 
approximately  2.5  inches  (65  mm).   This  is  completely  different  from 
hot  asphalt  mixes. 

Material  from  the  first  and  second  milling  operation  was  stockpiled 
in  separated  piles.   Material  from  both  these  stockpiles  was  used 
simultaneously  in  the  mixing  process  to  minimize  the  effect  of  possible 
unequal  asphalt  contents  of  the  top  and  bottom  of  the  initial  bituminous 
pavement.   The  mixed  material  was  generally  transported  directly  from 
the  pugmill  to  the  paver  to  be  placed.   Only  in  a  few  cases,  when  some 
additional  aggregate  had  to  be  coated  was  the  recycled  mixture  stored 
for  a  few  days. 

The  placement  of  the  second  lift  (top)  of  base  course  was  followed 

2 
after  about  3  days  with  an  AE-T  tack  coat  of  0.05  gal/syd  (0.25  1/ra  ) 

and  the  hot  asphalt  surface  of  120  lbs/syd  (65  kg/m  ).   A  shoulder, 

using  one  size  material  obtained  as  a  by-product  from  the  production  of 

crushed  stone,  completed  the  construction.   The  construction  of  the 

foamed  asphalt  section  took  between  20  and  25  days,  including  the 

milling  of  the  initial  pavement. 
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3.6.   Control  of  the  Foamed  Asphalt  Mixture 
The  properties  of  the  foamed  asphalt  were  checked  before  construc- 
tion and  it  was  found  that  a  reasonable  coating  could  be  obtained  by 
using  a  halflife  of  only  12  seconds  and  an  expansion  ratio  of  10. 
These  properties  were  checked  frequently  during  construction. 

It  was  never  necessary  to  adjust  the  free  moisture  content  of  the 
material,  since  it  was  between  2.5  and  3.5  percent  for  most  of  the  time. 

Only  a  small  amount  of  material  larger  than  three  inches  (75  mm) 
was  obtained  through  the  milling  operation.   No  effort  was  made  to 
remove  these  pieces,  since  it  was  assumed  that  they  would  be  broken 
down  during  the  mixing. 

3.7.   Construction  Problems 

No  serious  problems  occurred  during  construction.   One  of  the 
minor  problems  was  that  milling  during  high  pavement  temperatures 
caused  the  milled  material  to  stick  together  due  to  the  high  asphalt 
content.   Another  minor  problem  was  that  the  larger  pieces  of  reduced 
material  were  dragged  along  by  the  paver  and  the  scars  had  to  be 
corrected  manually. 

The  biggest  problem  was  ravelling.   This  was  fortunately  a  problem 
only  during  the  first  few  days  of  placement.   It  usually  appeared  on 
the  outside  few  feet  of  the  pavement.   It  occurred  soon  after  placement 
and  was  initiated  by  the  wheels  of  the  heavy  construction  vehicles. 
The  reasons  for  the  ravelling  appear  to  have  been  a  too  low  binder 
content,  inadequate  compaction  for  heavy  vehicular  use,  as  well  as  a 
very  soft  or  improperly  prepared  subgrade.   The  existence  of  some 
organic  material  e.g.  grass  could  have  prevented  proper  compaction.   The 
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ravelling  was  compacted  by  the  traffic  to  a  distress  pattern  similar  to 
rutting  and  was  corrected  by  the  placement  of  either  the  second  lift  of 
base  course  material  or  the  surface.   It  was  not  necessary  to  remove 
these  sections. 

3.8.   Conclusions 

Foamed  asphalt  seems  to  be  an  acceptable  binder  in  cold  recycling. 
No  major  equipment  changes  had  to  be  made  during  construction  to 
accommodate  the  foamed  asphalt.   Conventional  equipment  could  be  used 
with  only  minor  modifications.   The  construction  procedure  could  also 
be  kept  simple  and  progress  maintained  at  an  acceptable  rate.   The 
construction  crew  adjusted  well  to  the  placement  of  the  new  material 
although  they  said  that  it  was  easier  to  place  hot  asphalt  concrete. 

The  pavement  could  be  opened  to  traffic  soon  after  construction 
and  it  performed  well.   Even  the  heavy  construction  vehicles  had  no 
detrimental  effect  on  the  recycled  layer. 

The  initial  and  short  term  performance  of  this  foamed  asphalt 
recycled  layer  seems  to  be  satisfactory.   The  pavement  was  still  in 
good  condition  after  eight  months.   The  surface  layer  showed  some  thin 
cracks  at  the  centerline  of  the  lanes.   These  cracks  appear  to  be  in 
the  surface  layer  only  and  not  caused  by  the  recycled  layer. 
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CHAPTER  4:   SAMPLING  AND  TESTING  PROGRAMS  ON  THE  TEST  ROAD 

4.1.   Introduction 

The  sampling  and  testing  for  this  study  were  tailored  to  obtain 
information  regarding  the  properties  of  the  recycled  foamed  asphalt 
mixture  that  could  be  used  to  determine  the  structural  layer 
equivalencies  as  well  as  to  use  the  equipment  available  at  Purdue 
University  and  the  Indiana  Department  of  Highways. 

An  elastic  layer  computer  program  (BISTRO)  was  used  to  calculate 
stresses,  strains  and  deflections  in  the  pavement  layer.   The  program 
uses  as  input  the  moduli  of  elasticity,  the  Poisson's  ratios  and  the 
thicknesses  of  the  pavement  layers.   Tests  were  primarily  performed  to 
obtain  these  values  and  the  sampling  was  done  according  to  that.   The 
investigation  into  how  these  and  some  other  properties  were  affected 
by  factors  such  as  water,  stockpiling,  compaction  moisture  content 
temperature  and  curing  (which  was  done  as  a  substudy),  did  not  in- 
fluence the  sampling  process.   The  objectives  of  this  substudy  were 
stated  earlier. 

The  foamed  asphalt  section  of  the  project  of  4.2  mi.  (6.72  km) 
was  divided  up  into  0.1  mile  segments  for  both  the  eastbound  and  west- 
bound lanes.   This  formed  a  grid  with  42  points  (stations)  on  the 
eastbound  and  42  points  on  the  westbound  lanes  as  shown  in  Figure  4.1. 
The  stations  were  numbered  from  0  at  the  intersection  of  SR  16  with 
SR  231  eastwards  to  42  (0.42  miles)  on  top  of  the  bridge  over  the 
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Keefe  Ditch  (Figure  4.1:  Test  section) ,  which  is  the  end  of  the  foamed 
asphalt  section.   The  stations  on  the  eastbound  lane  were  designated 
S  (south)  and  those  on  the  westbound  lane  by  N  (north).   The  eastbound 
lane  therefore  had  43  stations,  from  OS  to  42S  and  the  westbound  lane 
also  43  stations  from  ON  to  42N. 

These  86  stations  established  the  positions  from  where  all  the 
samples  were  taken   and  the  tests  were  conducted.    It  was  not 
practical  to  get  samples  or  to  perform  tests  at  all  those  positions, 
but  enough  were  chosen  for  each  specific  test  to  get  a  representative 
sample  and  to  cover  the  entire  foamed  asphalt  project. 

4.2.   Prior  to  Construction 
Approximately  100  five  inch  (125  mm.)  cores  were  taken  by 
personnel  of  the  IDOH  over  the  8.8  mile  (6.72  km)  section  as  described 
in  Chapter  3.   Ten  four  inch  (100  mm)  cores,  taken  at  randomly  selected 
positions,  were  used  to  test  the  properties  of  the  initial  pavement 
asphalt  concrete  layer. 

Dynamic  cone  penetrometer  tests  were  conducted  to  determine  the 
in-situ  strength  of  the  layers  underlying  the  asphalt  concrete  layer 
of  the  initial  pavement.   Ten  tests  were  done  on  the  eastbound  lane  and 
seven  on  the  westbound  lane.   The  positions  were  selected  to  cover 
both  lanes. 

Samples  for  the  determination  of  the  Unified  Classification  and 
the  moisture  content  were  taken  from  ten  positions  on  the  eastbound  and 
six  on  the  westbound  lane.   A  sample  of  at  least  five  lb.  (2.3  kg)  of 
each  of  the  distinguishable  layers  of  the  subgrade  were  placed  in  a 
plastic  bag,  sealed  and  stored  for  further  testing.   The  samples  were 
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taken  from  holes  made  at  the  edge  of  the  pavement  on  the  shoulder.   All 
were  done  on  one  day  in  April  1981  as  were  the  strength  tests. 

Table  4.1  gives  the  exact  positions  of  these  tests  and  samples. 

Deflection  measurements  were  taken  during  November  1980  and  May 
1981  at  every  0.1  mile  (160  m)  in  both  lanes. 

4.3.   During  Construction 
During  the  construction  period,  August  and  September  1981, 
additional  in-situ  strength  values  for  the  underlying  layers  were 
obtained  -  eight  from  the  eastbound  and  three  from  the  westbound  lane. 
This  gave  a  total  of  18  in-situ  strength  tests  for  the  eastbound  lane 
and  10  for  the  westbound  lane  for  a  total  of  28.   These  tests  were 
conducted  on  the  same  day. 

The  thickness  of  the  remaining  initial  pavement  asphalt  concrete 
layer  and  the  thickness  of  the  top  underlying  granular  layer  were  also 
measured  at  fourteen  different  positions  on  the  eastbound  lane  and 
eleven  on  the  westbound  lane.    These  positions  were  selected  to  cover 
the  entire  section  and  were  influenced  by  the  construction.   The  tests 
had  to  be  run  between  the  second  milling  operation  and  the  placement  of 
the  first  recycled  layer.   The  tests  were  performed  during  a  two  day 
period. 

The  relative  in-situ  strength  of  the  recycled  base  course  was 
determined  with  a  Clegg  impact  tester  at  14  different  positions  on  the 
westbound  and  19  on  the  eastbound  lane.   These  positions  were  also 
selected  to  cover  the  whole  section  and  were  influenced  by  the  con- 
struction, since  it  had  to  be  done  after  the  compaction  of  the  base 
course  layer  and  before  the  placement  of  the  following  layer.   The 
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measurements  were  taken  on  two  consecutive  days.   One  set  was  taken 
approximately  six  hours  after  construction  and  another  set  on  the  next 
day.   Most  of  the  measurements  were  taken  on  the  first  layer.   All  were 
taken  at  the  center  of  each  lane. 

Thirteen  samples  were  taken  from  the  paver  during  construction. 
Each  sample  weighed  approximately  25  lb.  (12  kg)  and  was  placed  in  a 
plastic  bag  and  sealed.   Two  samples  were  taken  from  the  first  lift  on 
the  eastbound  lane  and  four  on  the  westbound  lane  at  six  different 
positions.   Two  samples  were  taken  from  the  second  lift  on  the  westbound 
lane  and  five  on  the  eastbound  lane  at  six  different  positions.   Two 
samples  were  taken  per  day  except  for  the  last  day  when  three  were 
taken.   The  positions  were  determined  by  the  position  of  the  paver. 
The  placement  of  the  two  lifts  took  about  ten  to  twelve  working  days. 
It  was  not  practical  to  sample  every  day  and  therefore  the  samples  were 
taken  on  six  different  days.   This  was  determined  to  be  sufficient  to 
characterize  the  properties  of  the  foamed  asphalt  mixture  across  the 
whole  section.   The  material  from  these  samples  were  used  to  compact 
specimens  in  the  laboratory. 

Deflection  measurements  were  taken  on  top  of  the  completed  foamed 
asphalt  recycled  base  coarse  on  the  eastbound  lane  only  at  0.1  mile 
(160  ra)  intervals. 

The  exact  positions  of  all  the  tests  are  shown  in  Table  4.1. 

4.4.   After  Construction 

Four  inch  cores  were  taken,  during  October  1981.   Twenty  four  were 

taken  at  eleven  different  positions  on  the  eastbound  lane  and  twenty  at 

nine  different  positions  on  the  westbound  lane  for  a  total  of  fourty 
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four  cores.   Of  these  fourty  four  only  thirty  four  could  be  used  in 
further  tests.   The  cores  were  taken  over  a  period  of  about  five 
working  days.   The  positions  were  chosen  to  coincide  with  those  where 
material  samples  were  taken  from  and  in-situ  strength  tests  of  the  sub- 
grades  were  conducted.   It  was  very  difficult  to  get  full  size  cores. 
The  cores  tended  to  break  at  the  weak  bond  between  the  two  lifts.   The 
bottom  part  then  remained  in  the  hole  or  fell  apart.   This  is  the 
reason  why  so  few  specimens  from  both  layers  at  the  same  position  could 
be  obtained. 

The  positions  are  shown  in  Table  4.1. 

Deflection  measurements  were  also  taken  on  top  of  the  hot  surface 
mixture  overlaying  the  recycled  base  course  in  both  the  eastbound  and 
westbound  lanes  at  0.1  mile  (160  m)  intervals.   The  measurements  were 
taken  only  a  few  (approximately  three  to  six)  days  after  construction. 
The  measurements  were  taken  at  the  center  of  each  lane. 

Figure  4.2  shows  the  chronological  order  in  which  the  sampling  and 
testing  were  done.   The  types  of  tests  and  the  number  of  samples  taken 
are  for  each  test  are  summarized  in  Table  4.2. 
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Table  4.2.   Number  of  Samples  Taken 
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Lane 


Before 
Construc- 
tlon 

E     W 


During 
Construc- 
tion  

E     W 


After 
Construc- 
tion  

E     W 


Total 


Subgrade  strength  10     7     8 

Samples  for  Classification  10     6     - 

Thickness  of  Initial 
Pavement  and  Granular 

Layer  -     -    14 

Recycled  Material  Samples  -     -     7 

Relative  Strength  of 

the  Base  -     -    19 

Total  Usable  Cores  - 

Deflections  44    44    43 


11 
6 

14 


28 
16 


- 

- 

25 

- 

- 

13 

- 

- 

33 

24 

21 

35 

43 

44 

- 

E  =  eastbound 
W  =  westbound 
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CHAPTER  5:   DESCRIPTION  OF  TEST  EQUIPMENT  AND  PARAMETERS 

5.1.   Introduction 
The  major  pieces  of  equipment  used  for  the  in-situ  testing  in 
this  study  were  the  dynamic  cone  penetrometer  (DCP),  the  Clegg  Impact 
Soil  Tester  and  the  Dynaflect.   The  equipment  used  in  the  laboratory 
study  included  the  Hveem  kneading  compactor,  Hveem  compression  machine, 
the  resilient  modulus  test  equipment  and  the  Marshall  testing  equipment. 
Various  other  types  of  equipment  were  used  to  perform  the  standard 
tests  done  in  this  study.   Since  the  latter  are  standard  tests  using 
standard  equipment  and  not  of  primary  concern  in  this  study  they  will 
not  be  described  here. 

5.2.   Dynamic  Cone  Penetrometer  (DCP) 
The  DCP  is  a  modified  version  of  the  penetrometer  used  by  the 
Country  Roads  Board,  Victoria,  Australia.   It  consists  of  a  long  rod 
with  a  cone  point.   A  4.55  lb.  (10  kg)  hammer  is  dropped  a  distance  of 
18.11  inches  (460  mm)  sliding  along  the  upper  part  of  the  drive  rod  until 
it  strikes  an  anvil  at  the  lower  end  (Figure  5.1).   This  forces  the 
hardened  steel  cone,  0.787  inches  (20  mm)  in  diameter  into  the  soil. 
The  penetration  is  then  measured  on  gradations  on  the  top  rod  by 
comparing  it  to  a  fixed  reference  point.   In  this  case  a  tripod  with  a 
pointer  was  used  to  measure  the  penetration  (Figure  5.2).   A  penetration 
of  at  least  12  inches  (305  mm)  is  suggested  per  test  and  a  set  of  three 
tests  per  position  (61). 
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FIGURE    5. 1    DYNAMIC  CONE  PENETROMETER 
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The  DCP  provides  an  easy  to  operate,  inexpensive  and  fast  test  to 
determine  the  strength  of  the  in-situ  soil,  especially  for  subgrade 
soils  with  CBR  values  up  to  50. 

The  penetration  has  been  correlated  with  CBR-values  by  the 
following  equation  (19): 

CBR  =  230/p  (5.1) 

where: 

CBR  =  California  Bearing  Ratio  (percent) 

p   =  penetration  (mm/blow) 
The  range  is  from  1  to  50  CBR. 

5.3.   Clegg  Impact  Soil  Tester 

The  impact  soil  tester  was  developed  by  Dr.  Baden  Clegg  at  the 
University  of  Western  Australia.   It  consists  essentially  of  a  heavy 
compaction  hammer  of  10  lb.  (4.5  kg)  (Figure  5.3).   An  accelerometer 
attached  to  the  hammer  generates  an  electrical  output  which  is  fed  to 
a  peak  level  hold  meter.   The  meter  registers  the  peak  deceleration  in 
units  of  10  gravities.   The  level  reached  after  the  fourth  blow  is 
referred  to  as  the  Impact  Value  (IV). 

The  test  is  conducted  by  placing  the  guide  tube  on  top  of  the 
layer  and  held  In  place  by  one  foot.   The  hammer  Is  then  Lifted  Lo  a 
height  of  12  inches  (305  mm)  and  dropped.   The  reading  is  recorded 
after  the  fourth  drop  (82). 

The  Clegg  impact  soil  tester  is  used  to  test  the  strength  of 
granular  material  and  is  correlated  with  CBR-values  (82). 

In  this  study  it  was  used  to  compare  the  relative  strengths  (or 
stiffnesses)  of  the  foamed  asphalt  recycled  base  course  at  different 
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positions.  It  is  not  possible  at  this  stage  to  compare  these  values 
with  other  measures  of  stiffness  or  strength  e.g.  elastic  modulus  or 
CBR  for  asphalt  stabilized  layers. 

5.4.   Dynaflect 

The  Dynaflect  has  been  used  widely  to  measure  pavement  deflections. 
The  instrument  is  reliable,  relatively  simple  and  fast  to  use.  It  also 
provides  more  information  than  just  maximum  deflections  (58) . 

The  Dynaflect  is  mounted  on  a  small  two-wheel  trailer  and  towed  by 
a  pick-up  truck.   At  the  test  section  a  pair  of  steel  wheels  are 
lowered  to  the  pavement,  the  pneumatic  wheels  lifted  and  an  oscillating 
load  is  generated  by  eccentric  weights  rotating  eight  revolutions  per 
second.   The  peak  to  peak  load  applied  is  1000  lb.  (455  kg).   The  peak 
to  peak  deflections  are  measured  by  five  geophones,  placed  as  indicated 
in  Figure  5.4. 

The  Dynaflect  can  be  moved  using  the  steel  wheels  at  very  slow 
speeds  (up  to  4  mph) .   The  trailer  can  be  towed  over  longer  distances 
by  using  the  pneumatic  wheels  at  higher  speeds. 

The  deflections  obtained  from  the  Dynaflect  form  a  deflection 
basin,  as  shown  in  Figure  5.4.   The  shape  of  the  deflection  basin  is 
important  and  research  has  shown  that  it  can  be  used  to  investigate 
various  properties  of  the  materials  in  the  layer  (43,5,71,59,18,48). 

The  following  terms  are  commonly  used  with  Dynaflect  deflection 
basins  and  can  be  used  to  describe  various  properties  of  the  pavement. 

1.   Dynaflect  maximum  deflection  (DMD)  which  is  the  deflection  at 
the  center  between  the  Dynaflect  loading  wheels  as  measured  by 
the  first  sensor  (D  ) .   This  deflection  has  been  correlated 
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with  the  Benkelraan  Beam  deflection.   The  relationships  is  (80) 
Benkelman  Beam  Deflection  =  20.63  *   DMD  (5.2) 

2.  Surface  curvature  index  (SCI).   It  is  defined  as 

SCI  =  Dl  -  D2  (5.3) 

where 

D  =  deflection  at  the  first  sensor 

Dy   =  deflection  at  the  second  sensor. 
The  SCI  is  an  indicator  of  the  stiffness  of  the  surface  course. 
It  increases  as  the  stiffness  decreases  (48). 

3.  Base  curvature  index  (BCI)  is  defined  as  the  difference  between 
the  deflections  at  the  fourth  and  fifth  sensors. 


BCI  =  D,  -  Dc  (5.4) 

4     D 


where 

D.  =  deflection  at  the  fourth  sensor 

4 

Ds  =  deflection  at  the  fifth  sensor 
The  BCI  and  the  deflection  at  D_  are  indicative  of  the  pavement 
support  conditions  (48).   The  deflection  at  the  fifth  sensor 
has  been  correlated  with  the  subgrade  modulus  (E  ) .   The  re- 
lationship is:   (18) 

_n  QQ7 

for  Y  =  0.50:   Eg  =  5190  D5  (5.5) 

— n  99? 
for  Y  =  0.40:   E  =  6350  D5  (5.6) 

s 

where 


E  =  elastic  modulus  of  the  subgrade  (psi) 
s 

_3 
D,  =  deflection  at  the  fifth  sensor  (10   inches) 

Y  =  Poisson's  ratio. 
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A.   The  spreadability  is  defined  as  follows: 

SPD  =  (D1+  D2+  D„+  D4+  D^  *  100/5D1  (5.7) 

where 

D  i  =  deflection  at  the  first  sensor 

D2  =  deflection  at  the  second  sensor 

Do  =  deflection  at  the  third  sensor 

D ■/  =  deflection  at  the  fourth  sensor 

Dr  =  deflection  at  the  fifth  sensor 
The  SPD  is  indicative  of  the  distribution  of  loads  by  the  pave- 
ment to  the  underlying  layers.   Pavements  with  higher 
spreadability  values  will  distribute  the  wheel  loads  more 
effectively  and  therefore  induce  smaller  stresses  and  strains 
on  the  subgrade  (28). 
5.   Slope  of  the  deflection  basin  is  defined  as  the  difference 
between  the  deflection  at  D,  and  D,-  . 

Slope  of  the  deflection  basin  =  D1  -  D^  (5.8) 

where  D-,  and  Dr  are  as  defined  above. 
The  slope  is  also  indicative  of  the  surface  stiffness  (43). 

5.5.   Kneading  Compactor 
The  standard  California  kneading  compactor  as  described  in  ASTM 
D1561  (Compaction  of  test  specimens  of  bituminous  mixtures  by  means  of 
California  Kneading  Compactor)  and  the  Asphalt  Institute  design 
procedures  (92)  was  used  to  compact  the  specimens.   The  compactor  is 
designed  to  consolidate  the  material  by  a  series  of  individual  "kneading 
action"  impressions  made  by  a  moving  ram  having  a  face  shaped  as  a 
sector  of  four  inches  (102  mm)  diameter  circle  (Figure  5.5). 
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FIGURE  5.5   KNEADING  COMPACTOR 
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The  force  under  the  tamper  foot  can  be  controlled.   It  has  a 
maximum  force  of  500  psi  (34.5  kPa) .   The  time  a  certain  pressure  can 
be  applied  can  also  be  varied  to  comply  to  the  ASTM  test. 

5.6.   Hveem  Stabilometer  and  Compression  Machine 
The  Hveem  stabilometer  and  compression  machine  was  used  to  determine 
the  R-values  of  the  specimens  in  this  study.   The  Hveem  stabilometer  is 
a  triaxial  testing  device  which  measures  the  horizontal  pressure  de- 
veloped by  a  test  specimen  as  a  vertical  pressure  is  applied.   The 
compression  machine  is  capable  of  applying  the  required  loads  at  a 
head  speed  of  0.05  inch  per  minute  (0.02  mm  per  second)  as  specified  by 
the  ASTM  standards  for  this  test. 

The  R-value  is  usually  used  to  determine  the  strength  of  soils  and 
the  stability  or  bearing  capacity  of  cold  asphalt  stabilized  mixtures 
at  a  temperature  of  73+  5°F  (23+  2.8°C).   The  R-value  is  defined  as: 


R  -  100  -  ,  ,  p100 (5-9) 


where 


P  =  160  psi  (1103  kPa)  vertical  pressure 


v 


D  =  turns  displacement  reading 

P,  =  horizontal  pressure  at  Pv  (psi)  (77). 
A  correction  factor  has  to  be  applied  to  specimens  not  2.5  inches 
(63.5  mm)  in  height. 

The  compression  machine  was  also  used  to  compress  the  specimen 
after  the  kneading  compaction  to  a  static  pressure  of  1000  psi  (6.9  MPa) 
with  a  head  speed  of  0.25  inch  per  minute  (6.3  mm  per  minute). 
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The  same  machine  was  also  used  to  remove  the  specimen  from  the 
mold. 

5.7.   Marshall  Testing  Equipment 

The  Marshall  testing  apparatus  (Figure  5.6)  was  used  to  conduct 
Marshall  stability  as  well  as  indirect  tensile  tests  on  the  foamed 
asphalt  recycled  mixture. 

In  order  to  determine  the  Marshall  stability  the  specimen  is 
loaded  to  failure  at  a  constant  head  speed  of  two  inches  (51  mm)  per 
minute.   The  Marshall  equipment  used  gives  a  continuous  load-deformation 
plot  during  the  test  (77,92). 

The  load  required  to  produce  failure  is  defined  as  the  Marshall 
stability.   The  flow  value  is  the  vertical  deformation  of  the  specimen 
during  the  test  until  failure  occurs.   The  Marshall  stability  is  a 
measure  of  strength  and  resistance  to  deformation  under  load  and  the 
flow  of  the  plasticity  and  flexibility  of  the  mix  (22).   It  is  widely 
used. 

The  Marshall  stiffness  (Sm)  is  defined  as: 

Sm  =  stability/flow  (5.10) 

and  the  Marshall  index  (Im)  as  the  slope  of  the  linear  portion  of  the 
load-deformation  trace  obtained  from  the  autographic  Marshall  equipment. 
These  two  parameters  provide  some  extra  measures  for  the  mixture 
characteristics  and  can  be  used  in  conjunction  with  the  conventional 
used  values  of  stability  and  flow  (22) . 

Figure  5.7  shows  a  typical  plot  and  the  discussed  parameters. 
Marshall  stability,  index,  stiffness  and  flow  will  be  referred  to  as 
Marshall  variables  in  this  report. 
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FIGURE  5.6   MARSHALL  TEST  EQUIPMENT 
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FIGURE  5.7  TYPICAL  LOAD-DEFORMATION  PLOT 
FROM  THE  MARSHALL  TEST 
(from  ref.  2Z) 
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5.8.   Vacuum  Saturation  Equipment 

The  vacuum  saturation  test  was  conducted  to  investigate  the  effect 
of  prolonged  exposure  to  subsurface  water  on  the  foamed  recycled  mixture. 

The  vacuum  manometer  and  desicator  used  were  similar  to  those  de- 
scribed in  an  interim  guide  of  the  Asphalt  Institute  (72)  .   A  vacuum 
pump  capable  of  pulling  four  inches  (100  mm)  of  Hg  was  also  used. 

5.9.   Resilient  Modulus  Testing  Equipment 

The  resilient  modulus  test  used  in  this  study  was  based  on  the 
diametrical  resilient  modulus  test  proposed  by  Schmidt  (57).   The  test 
equipment  is  shown  in  Figure  5.8.   It  consisted  mainly  of  a  loading 
frame,  a  diaphragm  air  cylinder,  a  solenoid  valve  system,  a  compressed 
air  source,  three  DC  LVDT's,  a  two  channel  chart  recorder  and  a  DC 
voltage  source  for  the  DC  LVDT's. 

A  vertical  load  of  50  lb.  (22.7  kg)  was  applied  diametrically 
every  3  seconds  for  a  duration  of  0.1  second.   This  load  was  applied 
through  a  0.5  inch  (13  mm)  steel  strip  to  the  specimen.   The  vertical 
deformation  as  well  as  the  horizontal  deformations  were  measured. 

Based  on  the  analyses  of  Timochenko  and  Froeht  on  the  behavior  of 
specimen  as  a  linear  elastic  material  under  dynamic  loads  Schmidt  (57) 
derived  a  relationship  between  the  resilient  modulus  and  the  induced 
horizontal  deformation  of  the  specimen  in  the  diametral  resilient 
modulus  test. 

Using  the  analysis  of  the  stresses  in  a  circular  disc  under  a 
short  strip  loading  developed  by  Hondros  and  the  elastic-strain  relation- 
ships the  following  relationships  were  reported  by  various  sources  (23, 
66): 
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FIGURE     5.8    RESILIENT  MODULUS  TESTING 
EQUIPMENT 


where 
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E  =  -^   (11. 257-0. 193y)  (5.11) 


E  =  — ~-(  0.841+3. 141Y)  (5.12) 

TT  tdh 


Y  =  3.59  dh/dv  -  0.27  (5.13) 

E   =  modulus  of  elasticity 
P   =  load 

t   =  thickness  of  specimen 
dv  =  vertical  deformation 
dh  =  horizontal  deformation 

Y  =  Poisson's  ratio 

In  this  study,  the  following  equation  was  used  to  calculate  the 
resilient  modulus: 

E=l^  (5.14) 

t  .dv 

The  effect  of  the  Poisson's  ratio  on  the  resilient  modulus  is  very 
small  when  the  vertical  deflection  is  used  in  the  calculation  (66). 

Two  types  of  resilient  moduli  can  be  calculated  by  these  equations 
depending  on  the  value  measured  viz.  total  or  instantaneous.   The 
instantaneous  resilient  modulus  was  calculated  throughout  this  study 
from  the  appropriate  instantaneous  measured  values.   Figure  5.9  shows 
a  typical  deformation  plot  indicating  the  measurements  which  were  used 
in  the  calculations. 
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5.10.   Indirect  Tensile  Strength  Testing  Equipment 
The  indirect  elastic  theory  has  been  proved  to  be  valid  when 
testing  elastic  materials  with  loads  applied  through  a  short  curved 
loading  strip.   The  test  provides  useful  information  on  the  tensile 
properties  of  the  mixture  (23,40). 

The  Marshall  equipment  was  also  used  to  perform  indirect  tensile 
tests  on  the  specimens.   A  load  was  applied  at  two  inches  (51  mm)  per 
minute  until  the  specimen  failure.   Only  the  vertical  deformation  could 
be  measured. 

Based  on  the  stresses  in  a  circular  disc  and  elastic-strain  re- 
lationships the  following  equations  were  derived  (32,40,89,41,29): 
(Figure  5.10  illustrates  the  occurrence  of  stresses  and  strains). 

ST=  0.156  -i|ii  (5.15) 


E  =  S  /h(0.9976y  +  0.2692)  (5.16) 


0.0673  PR  -  0.8954 
Y   -0.2494  DR  -  0.0156  (5.17) 


T    TL0.2494y  +  0.0673  J  p,io; 


=  Y  r-0.03896y  +  0.1185 
C   V+0.0156  y  -  0.8954J  M-m 


where 


S      =  tensile  strength  (psi) 
Y      =  Poisson's  ratio 
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D     =  deformation  ratio  Y  /X  (the  slope  of  line  of  best  fit 
K 

between  the  vertical  deformation  and  the  horizontal 

deformation) 
X     =  total  horizontal  deformation  (inches) 
Y     =  total  vertical  deformation  (inches) 
S     =  horizontal  tangent  modulus  P/X  (the  slope  of  the  line 

of  best  fit  between  load  P  and  horizontal  deformation) 

E     =  static  modulus  of  elasticity  (psi) 

£  =  tensile  strain 

£     =  compressive  strain 

h     =  height  of  specimen  (inches) 

Pj.  ..  =  total  load  at  failure  (lb) 
fail 

The  equations  cited  above  are  valid  for  specimens  of  four  inches 
(102  mm)  in  diameter  and  under  static  loading  conditions. 

The  indirect  tensile  strength  can  also  be  used  to  predict  the 
fatigue  life  to  failure  (Nf)  of  bituminous  mixtures.   Eight  bituminous 
concretes  from  five  different  areas  viz.  California,  Utah,  Ohio, 
Pennsylvania  and  Virginia  were  used  by  Maupin  and  Freeman  (42)  to 
determine  the  following  relationships: 

1.   For  constant  stress  testing: 

Nf  =  k  (lib  )k2  (5.20) 

with 

k2  =  11.6  -  0.000396  E  (5.21) 


*1  =  G 


k2  ln(12.6  aIT-558)  (5.22) 


static  elastic  modulus 
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S  =  tensile  strength  =  e 
T  6       IT 

Nf  =  cycles  to  failure 
a  =  maximum  bending  stress 
2.   For  constant  strain  testing: 

Nf  =  k±(l/c)k2  (5.23) 

with 

k      =  0.03746  -  0.744  (5.24) 

log  kx  =  7.92  -  0.122aiT  (5.25) 

N      =  cycles  to  failure  (the  number  of  cycles  to  produce 
a  1/3  reduction  in  initial  stiffness  calculated  at 
approximately  200  cycles). 
The  researchers  recommend  that  the  relationships  be  used  for 
mixtures  with  aggregate  smaller  than  one  inch  size  and  primarily  for 
dense-graded  bituminous  concretes. 

The  equations  cited  above  are  true  for  specimens  of  4  inches  (102 
mm)  in  diameter  and  under  static  loading  conditions. 
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CHAPTER  6;   TESTING  PROCEDURE 

6.1.   Introduction 

As  mentioned  earlier,  tests  were  conducted  to  fulfill  the  ob- 
jectives of  the  study.   Standard  testing  procedures  as  described  by  the 
American  Society  for  the  Testing  of  Materials  (ASTM) ,  the  American 
Association  of  State  Highway  and  Transportation  Officials  (AASHTO)  and 
the  Asphalt  Institute  were  used  when  possible.   This  allows  comparisons 
to  be  made  to  results  obtained  in  other  studies. 

As  described  in  Chapter  4  (Sampling)  the  sampling  and  testing  were 
conducted  prior,  during  and  after  construction.   The  tests  on  the  sub- 
grade,  in-situ  strength  and  classification  were  conducted  before  and 
during  the  early  stages  of  the  construction.   The  tests  on  the  initial 
pavement  were  performed  before  construction.   Tests  on  the  recycled 
foamed  asphalt  mixture  were  conducted  during  and  after  construction. 
Deflection  measurements  were  taken  before,  during  and  after  construction. 
The  chronological  order  has  been  shown  in  Figure  4.1. 

6.2.   Subgrade 

6.2.1.   In-Situ  CBR 
The  in-situ  CBR  values  of  the  subgrade  were  obtained  from  dynamic 
cone  penetrometer  (DCP)  tests.   The  tests  were  conducted  on  the  subgrade 
through  five  inch  diameter  core  holes  in  the  initial  pavement  in 
seventeen  cases.   Three  DCP  tests  were  run  in  such  a  hole.   The 
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penetration  of  the  rod  after  each  blow  (fall  of  the  10  lb,  (45  kg) 
hammer)  was  recorded  up  to  a  depth  of  at  least  12  inches  (30  cm) .   In 
cases  where  no  changes  in  the  penetration  per  blow  for  the  first  12 
inches  could  be  detected  the  penetration  was  continued  to  2h    Indies 
(50  cm). 

The  number  of  blows  were  then  plotted  against  the  penetration  depth 
for  all  three  tests.   The  slope  of  the  line  (penetration  per  blow)  is 
an  indicator  of  the  in-situ  strength  and  was  correlated  with  CBR-values 
(Chapter  5).   A  change  in  slope  indicated  a  change  in  subgrade  strength. 
The  depth  at  which  the  slope  changed  indicated  the  depth  of  a  layer  with 
a  different  strength.   This  was  used  to  determine  the  thicknesses  and 
strengths  of  different  subgrade  layers.   Figure  6.1  shows  a  typical 
number  of  blows  versus  penetration  plot.   The  values  taken  were  the 
average  of  the  three  tests  at  each  position  (hole) .   In  a  few  cases  the 
third  DCP  test  could  not  be  run  because  of  disturbance  of  the  subgrade 
by  the  previous  two  tests,  since  the  hole  was  only  5  inches  in  diameter. 
This  problem  was  detected  either  during  the  testing  or  during  the 
plotting  of  the  data.   In  such  cases  only  results  from  the  first  two 
tests  were  used. 

Another  eleven  holes  were  made  after  the  first  milling  operation 
through  the  remaining  2-1/2  inches  (65  mm)  of  initial  pavement  with  a 
hammer  and  a  chisel  to  open  up  the  subgrade  material.   A  procedure 
similar  to  that  described  in  the  previous  paragraphs  was  followed  to 
obtain  the  in-situ  strength  of  the  subgrade  with  the  DCP.   Three  DCP 
tests  could  be  run  in  all  cases  in  these  holes. 
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6.2,2.   Classification  Tests 

Classification  tests  were  conducted  on  the  sixteen  samples  taken  at 
the  edge  of  the  pavement.   Standard  AASHTO  or  ASTM  testing  procedures 
were  used. 

The  samples  were  stored  in  a  plastic  bag  until  it  could  be  tested. 
The  sample  preparation,  the  grading  analysis  of  the  coarse  aggregate, 
the  grading  analysis  and  the  determination  of  the  hydroscopic  moisture 
content  of  the  fine  aggregate  (passing  the  //10  (2.0  mm)  sieve)  were  done 
according  to  the  AASHTO  T87-76  or  the  ASTM  D421-58  (reapproved  in  1978) 
testing  procedure.   The  liquid  limit  (L.L.)  and  the  plastic  limit  (P.L.) 
determination  on  the  material  passing  the  #40  (0.425  mm)  sieve  were 
done  in  accordance  to  the  AASHTO  T89-76  (ASTM  D423-66  (reapproved  1970)) 
and  AASHTO  T90-70  (ASTM  D424-59  (reapproved  1971))  test  procedures 
respectively.   The  latter  procedure  also  indicated  how  the  plastic  limit 
should  be  calculated. 

(    The  Unified  Classification  system  was  used  to  classify  the  material 
underlying  the  initial  pavement.   The  percentage  of  material  passing 
the  //200  (0.475  mm)  sieve,  the  percentage  passing  the  //4  (6.25  mm)  sieve, 
the  grain  size  curve,  the  liquid  limit  (L.L.)  and  the  plastic  limit  (P.L.) 
were  used  in  the  classification  (94). 

The  testing  and  classification  procedures  are  displayed  in  Figure 
6.2. 

6.3.   Recycled  Foamed  Asphalt  Mixture 
A  flow  diagram  describing  the  testing  procedure  for  the  foamed 
asphalt  recycled  mixtures  is  given  in  Figure  6.3. 
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6.3.1.   Laboratory  Compacted  Samples 

6.3.1.1.  Storage 

The  samples  of  the  recycled  foamed  asphalt  mixture,  taken  during 
construction,  were  stored  in  air  tight  plastic  bags.  Most  of  the 
specimens  were  stored  in  the  plastic  bag  for  less  than  ten  hours. 

The  influence  of  storage  of  the  mixture  in  a  plastic  bag  was 
determined  by  compacting  a  few  specimens  after  storage  of  between  one 
and  twenty-one  days.   A  few  specimens  were  compacted  after  ten  days  in 
air  to  investigate  the  effect  of  stockpiling  in  the  open  on  the  mixture. 

Table  6.1  summarizes  the  storage  times  and  the  number  of  specimens 
in  each,  while  Table  6.2  summarizes  the  number  of  specimens  used  in 
each  test. 

6.3.1.2.  Compaction 

The  California  kneading  compactor,  as  described  in  Chapter  3,  was 
used  to  compact  all  the  specimens.   A  standard  procedure  suggested  by 
the  Asphalt  Institute  for  asphalt  mixtures  (MS-2)  or  ASTM-D1561  was 
used.   The  same  method  was  used  by  other  researchers  at  Purdue 
University  on  cold  asphalt  mixtures  (28,39).   This  was  one  of  the  reasons 
for  selecting  this  compaction  procedure.   Some  of  the  other  reasons  were 
that  this  method  is  widely  used  and  very  well  documented  and  it  simulates 
compaction  during  construction  better  than  the  Marshall  compaction 
method.   The  kneading  compaction  method  represents  the  pavement  density 
and  stability  after  approximately  one  year  in  service.   Although  the 
gyratory  compaction  method  also  simulates  the  compacted  during  construc- 
tion well  it  is  less  widely  used  and  more  cumbersome  to  use.   The 
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Table  6,1,   Number  of  Laboratory  Specimens  for  Each  Storage  and  Curing 
Time 
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Indiana  Department  of  Highways  uses  the  kneading  compactor  for  the 
compaction  of  asphalt  mixtures. 

The  Asphalt  Institute  procedure  specifies  that  1150  grams  of  the 
mixture  be  placed  into  a  mold  while  rodding  the  mix  twenty  times  in 
the  center  and  twenty  times  along  the  edge.  The  tamper  foot  pressure 
was  set  at  250  psi  (1.7  MPa)  for  one  minute  to  accomplish  preliminary 
consolidation  of  the  mix.  This  was  followed  by  the  compaction  of  the 
mixture  with  a  tampering  foot  pressure  of  500  psi  (3.45  MPa)  for  5 
minutes. 

The  mold  and  specimen  were  then  removed  from  the  kneading  compactor, 
the  mold  inverted  and  the  specimen  pushed  to  the  opposite  end  of  the 
mold  by  applying  a  static  load  of  1000  psi  (7.9  MPa)  with  a  head  speed 
of  0.25  inches  per  minute  (7.3  mm/min.).   This  was  done  in  the 
compression  machine. 

The  same  machine  was  also  used  to  remove  the  specimen  from  the 
mold  immediately  after  compaction. 

The  moisture  content  of  the  mixture  during  compaction  was 
determined  by  oven  drying  a  sample  at  constant  temperature. 

6.3.1.3.   Curing 

The  primary  objective  of  this  study  was  to  determine  the  material 
properties  of  the  foamed  asphalt  recycled  mixture  in  actual  use.   The 
material  properties  during  three  stages  in  the  life  of  the  pavement 
layer  seem  to  be  important  viz.  just  after  construction,  after  a  few 
months  in  use  and  after  a  longer  period  of  use  under  ideal  conditions 
(ultimate  strength).   The  first  stage,  soon  after  construction,  can  be 
simulated  by  a  specimen  with  no  curing  time.   The  intermediate  stage 
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was  simulated  by  curing  the  specimens  for  10  days  in  air.   This  would 
be  the  strength  of  the  mixture  for  most  of  its  life  since  it  would  be 
difficult  to  reach  higher  levels  due  to  environmental  conditions.   The 
ultimate  strength  is  an  attempt  to  simulate  the  strength  the  material 
can  have  if  it  is  cured  under  ideal  conditions  for  a  long  period  of 
time.   It  is  unlikely  that  this  condition  will  be  reached  due  to  the 
effect  of  the  environmental  conditions.   After  a  long  period  of  time 
the  pavement  will  start  losing  strength  again  due  to  cracking  of  the 
asphalt  layer.   The  cracking  can  be  induced  by  oxidation  and  aging  of 
the  asphalt  and  by  excessive  strains  due  to  traffic  loads  and  volumes. 
The  ultimate  curing  condition  was  simulated  in  the  laboratory  by  air 
curing  for  ten  days  followed  by  fifty  hours  at  140°F  (60°C) . 

Since  the  intermediate  curing  (ten  days  air  curing)  was  taken  as 
the  condition  that  would  be  prevailing  in  the  pavement  most  of  the 
specimens  were  cured  for  ten  days.   A  few  specimens  were  cured  for  only 
one  day  in  order  to  assess  the  strength  of  the  pavement  during  the 
critical  period  soon  after  construction.   A  few  specimens  were  also 
cured  in  air  and  in  the  oven  to  obtain  maximum  strengths. 

Table  6.2  is  a  summary  of  the  curing  times  and  the  number  of 
specimens  in  each. 

6.3.1.4.   Density  and  Height  Determination 

The  height  of  the  specimen  is  important  in  the  determination  of 
the  resilient  modulus,  Marshall  stability,  Hveem  resistance  value  and 
the  tensile  strength.   The  height  of  the  specimen  was  measured  at  three 
different  positions  and  the  average  taken  as  the  height  of  the  specimen. 
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The  density  was  determined  in  accordance  with  the  ASTM  D2776-71 
test  procedure.   The  procedure  specified  that  the  air  dry  weight,  the 
weight  in  water  and  the  saturated  surface  dry  weight  be  measured  and 
used  in  the  calculation  of  the  density. 

This  procedure  was  followed  for  all  the  specimens.  The  specimens 
that  were  placed  in  the  vacuum  saturation  apparatus  were  weighed  after 
the  saturation. 

6.3.1.5.  Water  Sensitivity  Test 

This  test  method  was  designed  by  the  Asphalt  Institute  to  simulate 
the  effect  of  prolonged  exposure  to  subsurface  water  on  other  than  open 
graded  bases  and  temporary  wearing  surfaces  (72) . 

The  specimen  was  subjected  to  a  vacuum  of  1.25  inches  (30  mm)  Hg 
for  one  hour.   Water  at  room  temperature  (73°F  or  23°C)  was  then  drawn 
into  the  vacuum  chamber,  submerging  the  specimen.   The  vacuum  was  then 
released  and  the  specimen  left  submerged  in  water  for  24  hours. 

The  vacuum  saturation  equipment  is  described  in  Chapter  6. 

6.3.1.6.  Resilient  Modulus  and  Poisson's  Ratio  Testing 

The  unsaturated  samples  were  tested  at  three  different  temperatures 
viz.  34°F  (1°C),  73°F  (23°C)  and  104°F  (40°C),  while  the  vacuum 
saturated  samples  were  tested  at  73°F  (23°C)  only.   The  three  tempera- 
tures were  selected  to  represent  the  following  conditions: 

1.     Cold  but  unfrozen  (34°F  or  1°C).   This  would  represent  pave- 
ment conditions  when  the  subgrade  is  unfrozen.  Temperatures 
below  freezing  cause  the  subgrade  to  freeze  and  would  there- 
fore change  the  subgrade  modulus  to  that  of  a  stiff  layer. 
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The  cold  but  unfrozen  condition  will  occur  during  the 
beginning  of  the  winter  and  the  spring  thaw  period. 

2.  Average  temperature.   The  average  temperature  of  approximately 
70°F  (21°C)  represents  the  average  temperature  in  the  pave- 
ment.  This  is  also  about  the  temperature  used  in  other 
studies  to  determine  structural  layer  equivalencies  (1,24, 
35,72). 

3.  High  pavement  temperature  (104°F  or  40°C) .   This  represents 
the  condition  during  the  warm  summer  months.   Although 
pavement  temperatures  can  be  higher  than  104°F  (40°C)  during 
the  summer  months  it  is  difficult  and  impractical  to  deter- 
mine the  resilient  modulus  at  much  higher  temperatures  (35). 

The  same  test  specimen  was  tested  at  all  three  temperatures.   The 
specimen  was  left  in  a  temperature  controlled  room  or  oven  for  between 
2  to  4  hours  before  testing.   The  specimen  was  taken  from  the  controlled 
temperature  condition  and  placed  into  the  resilient  modulus  testing 
device  at  laboratory  temperature  (73°F) .   Care  was  taken  to  center  the 
specimen  and  to  keep  the  loading  strips  clean. 

The  pulsating  load  of  50  lb.  (22.7  kg)  was  then  applied  to  the 
specimen.  Ten  to  twenty  pulse  loads  were  applied  to  precondition  the 
specimen  before  the  vertical  and  horizontal  deformation  readings  were 
recorded.   The  vertical  and  horizontal  deformations  were  measured  by 
the  three  LVDT's  and  plotted  on  the  chart  recorder.   Deformations  for 
at  least  three  pulse  loads  were  taken  before  the  load  was  turned  off. 

The  specimen  was  rotated  120  degrees  and  the  whole  process  re- 
peated.  The  specimen  was  turned  another  120  degrees  and  another  set  of 
readings  taken. 
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The  resilient  modulus  and  Ppisson's  ratio  were  calculated  from  the 
resilient  (or  recoverable)  deformations.   The  resilient  modulus  of  a 
specimen  was  taken  as  the  average  of  the  three  resilient  moduli.   Typical 
deformation  plots  were  shown  in  Figure  5.11. 

6.3.1.7.  Hveem  Resistance  Value 

All  the  specimens  were  tested  at  room  temperature  (73°F  or  23°C) 
in  the  Hveem  stabilometer  to  determine  the  resistance  (R)  value.   The 
procedure  suggested  by  the  Asphalt  Institute  was  used  (77) .   It  is  the 
same  method  that  is  used  for  the  determination  of  the  resistance  value 
of  soils. 

The  reasons  for  the  determination  of  the  Hveem-R-value  rather 
than   the  Kveem-S-value  were  that  the  use  of  the  R-value  is  suggested 
by  the  Asphalt  Institute  for  cold  mixtures,  it  was  used  by  other 
researchers  at  Purdue  University  in  studies  on  foamed  asphalt  and  cold 
recycled  mixtures  and  the  static  load  on  the  specimen  is  only  2000  lb. 
(909  kg).   This  load  of  2000  lb.  (909  kg)  is  lower  than  the  6000  lb. 
(2727  kg)  used  to  determine  the  Hveem  stability  (S)  value.   The  specimen 
was  therefore  stressed  to  a  lower  level  and  this  made  the  determination 
of  the  R-value  more  reliable. 

6.3.1.8.  Marshall  Variables 

The  Marshall  testing  equipment  was  used  to  determine  the  Marshall 
stability,  flow,  index  and  stiffness. 

The  method  used  was  the  one  adopted  by  the  Asphalt  Institute  and 
specified  in  ASTM  D1559,  except  the  test  temperature  was  73°F  (23°C). 
The  specimen  was  placed  into  the  apparatus  and  loaded  at  a  rate  of 
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2  inches  (51  mm)  per  minute  until  failure.   The  load  and  vertical 
deformation  were  recorded  up  to  failure.   These  plots  were  used  to 
calculate  the  Marshall  stability,  stiffness,  index  and  flow  as  described 
in  Chapter  6. 

Eighty-nine  of  the  specimens  were  tested  using  the  Marshall  equip- 
ment to  determine  the  Marshall  variables.  All  the  tests  were  conducted 
at  room  temperature  (73°F  or  23°C) . 

6.3.1.9.  Indirect  Tensile  Strength 

The  Marshall  equipment  was  used  to  determine  the  tensile  strength 
at  failure.   The  upper  and  lower  test  head  of  the  compression  testing 
machine  were  replaced  with  two  1/2  inch  wide  steel  loading  strips. 
The  specimen  was  placed  in  between  the  two  loading  strips  and  centered. 
The  load  was  then  applied  at  a  constant  rate  (2  inches  or  51  mm  per 
minute)  until  the  specimen  fail.   The  load  and  vertical  deformations 
to  failure  were  recorded.   The  failure  load  was  used  to  calculate  the 
tensile  strength  at  failure  (ST). 

Forty-one  specimens  were  tested  in  this  way  at  three  different 
temperatures  viz.  34°F  (1°C),  73°F  (23°C)  and  104°F  (40°C) .   The 
specimens  were  kept  at  the  testing  temperature  for  between  two  and  four 
hours  before  testing. 

6.3.1.10.  Moisture  Content  During  Testing 

After  the  determination  of  the  Marshall  variables  or  the  tensile 
strength  the  moisture  contents  of  fifty  specimens,  representing  all  the 
combinations  of  storage  time,  curing  time  and  temperatures  were  deter- 
mined.  The  specimens  were  weighed  after  the  tests  and  then  dried  to  a 


112 


constant  temperature  of  230°F  (110'C)  to  determine  the  dry  weight. 
These  weights  were  used  to  determine  the  moisture  content. 

6.3.1.11.   Miscellaneous  Tests 

The  following  standard  tests  were  also  conducted  on  the  laboratory 
compacted  samples. 

1.  ASTM  2172-75  Method  A  Quantitative  Extraction  of  bitumen  from 
bituminous  paving  mixtures. 

2.  ASTM  D2176-76  Test  for  kinematic  viscosity  of  asphalt. 

3.  ASTM  D5-73  Test  for  penetration  of  bituminous  materials. 

4.  ASTM  D70-76  Test  of  specific  gravity  of  semi-solid  bituminous 
materials. 

5.  ASTM  D127-77  Test  for  specific  gravity  and  absorption  of 
coarse  aggregate. 

6.  ASTM  D128-78  Test  for  specific  gravity  and  adsorption  of  fine 
aggregate. 

6.3.2.   Cored  Samples 

The  cores  were  taken  approximately  three  to  four  weeks  after  con- 
struction.  The  thirty-five  cores  were  cut  into  specimens  with  a  height 
of  approximately  2-1/2  inches  (65  mm)  when  possible.   The  thin  asphalt 
concrete  layers  were  cut  off  first.   The  remaining  core  consisted  of 
the  recycled  foamed  asphalt  base.   Since  the  two  base  layers  were 
approximately  2-1/2  inches  thick,  two  specimens  could  be  cut  from  each 
core.   In  cases  where  the  cores  were  broken,  specimens  to  a  thickness 
as  close  as  possible  to  2-1/2  inches  (65  mm)  were  cut. 

The  cut  specimens  were  stored  for  another  five  to  six  weeks  at  room 
temperature  (73°F  or  23°C)  before  testing. 
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The  testing  procedure  was  exactly  the  same  as  that  for  the  labora- 
tory compacted  specimens.   The  procedure  described  in  paragraphs  6.3.1.4 
to  6.3.1.10  was  followed.   Due  to  the  roughness  on  the  surfaces,  some 
of  the  specimens  could  not  always  be  rotated  with  120  degrees  when 
determining  the  resilient  modulus. 

Sixty-three  core  specimens  were  tested.  Only  forty-five  specimens 
were  higher  than  2  inches  (55  mm)  and  could  be  used  to  determine  the 
Hveem-R-value.   Fifteen  of  them  had  cracks,  were  badly  broken  or  too 
uneven  on  the  surface  to  be  tested  in  the  stabilometer.   Therefore  only 
thirty-one  specimens  were  used  to  determine  the  Hveem-R-value.   Only 
eighteen  specimens  were  used  in  the  determination  of  the  Marshall 
indices.   The  indirect  tensile  test  was  conducted  on  the  rest,  since 
the  height  is  not  such  an  important  factor  in  the  test  itself.   The 
equation  to  calculate  the  tensile  strength  incorporates  any  height. 
This  is  not  true  for  the  determination  of  the  Hveem-R-value  and  the 
Marshall  stability,  where  corrections  have  to  be  made  depending  upon 
specimen  heights. 

The  resilient  modulus  test  can  be  and  was  conducted  on  specimens  of  any 
height.   The  test  was  also  conducted  on  the  specimens  at  three  different 
temperatures  as  described  earlier.   The  tests  and  the  number  of 
specimens  in  each  test  are  summarized  in  Table  6.3. 

Only  five  specimens  were  tested  after  vacuum  saturation,  since  the 
influence  of  water  was  already  investigated  with  the  laboratory  samples. 
In  this  study  it  was  more  important  to  obtain  reliable  values  for  the 
properties  of  the  recycled  material  that  could  be  used  in  the 
calculation  of  stresses,  strains  and  deflections. 


114 


Figure  6.3.   Number  of  Core  Specimens  Used  in  Each  Test 

Dry           Vac.  Sat.  Total 

5  63 

5  31 

5  57 

5  18 
45 


Test  1  =  Hveem  R  value. 

2  =  M  at  3  temperatures,  except  on  the  saturated  specimens. 

3  =  Marshall  test. 

4  =  Indirect  tensile  test. 


Total 

58 

Tests 

1 

26 

2 

52 

3 

13 

4 

45 
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6.4.   Asphalt  Concrete  Surface 

Sixteen  asphalt  concrete  surface  specimens  cut  from  the  cores  were 
tested  to  determine  the  resilient  modulus  and  indirect  tensile  strength 
at  three  different  temperatures  as  described  above.   Only  three  had 
heights  of  more  than  2.2  inches  (55  mm).   The  rest  had  heights  of 
approximately  1.2  inches  (30  mm). 

Three  specimens  from  a  mixture  sample  taken  during  construction 
were  compacted  using  the  kneading  compactor  and  the  method  described 
for  the  recycled  mixtures  (ASTM-D1561) .   They  were  cured  in  air  for 
approximately  a  week.   The  resilient  modulus  and  tensile  strength  were 
determined  following  the  same  testing  procedure  and  equipment  as 
described  earlier.   The  testing  temperature  was  73°F  (23°C) . 

6.5.   Evaluation  of  the  Initial  Pavement  Layer 
The  testing  conducted  by  personnel  of  the  IDOH  prior  to  construction 
has  been  described  in  Chapter  3.   Ten  four  inch  cores  were  analyzed  as 
part  of  this  study  to  determine  the  resilient  modulus  of  the  initial 
surface  layer  at  three  different  temperatures  viz.  34°F  (1°C),  73°F 
(23°C)  and  104°F  (40°C).   The  cores  were  taken  at  random  from  the  entire 
8.8  mile  (14  km)  section.   The  cores  were  divided  into  a  top  and  a 
bottom  2-1/2  inches  (65  mm).   From  the  ten  cores  nine  specimens  from 
the  top  2-1/2  inches  (65  mm)  and  five  from  the  bottom  2-1/2  inches  (65  mm) 
were  obtained.   A  procedure  similar  to  the  one  described  in  Section 
6.3.1.6  was  used  to  determine  the  resilient  moduli.   The  Marshall 
stability,  index,  stiffness,  and  flow  values  at  73°F  (23°C)  were  also 
determined  using  the  procedure  described  in  section  6.3.1.8. 
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6.6.   In-Situ  Tests  on  the  Pavement  Layers 

6.6.1.   Clegg  Impact  Tests 

The  Clegg  impact  soil  tester  and  procedure  described  earlier  were 
used  to  obtain  a  measure  of  the  relative  strength  of  the  recycled  base 
coarse  layer.   Tests  were  conducted  at  the  center  of  each  lane  and  in 
the  wheel  path  on  the  layer  a  few  hours  after  construction  and  at  the 
same  positions  the  following  day.   A  set  of  data  were  also  taken  to 
investigate  the  variability  on  the  pavement  cross  section. 

The  readings  were  in  all  cases  taken  after  the  fourth  drop  of  the 
hammer . 

6.6.2.   Deflection  Measurements 
Deflection  measurement  using  the  Dynaflect  were  also  taken  by 
personnel  of  the  Research  and  Training  Center  as  described  in  Chapter  6, 
They  were  taken  before,  during  and  after  construction  at  0.1  mile 
intervals  in  the  center  of  each  lane. 
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CHAPTER  7:   RESULTS  OF  LABORATORY  AND  IN- SITU  TESTS 


7.1.   Introduction 


As  described  earlier  the  main  objective  of  this  study  is  to  deter- 
mine the  structural  layer  equivalencies  of  the  foamed  asphalt  recycled 
layer.   This  can  and  will  be  done  by  looking  at  the  stresses,  strains 
and  deflections  in  the  pavement  as  calculated  with  the  layered  elastic 
theory.   The  material  properties  (resilient  moduli  and  Poisson's  ratios) 
and  the  thicknesses  of  the  layers  must  be  known  to  use  the  theory.   These 
properties  can  be  determined  mainly  by  two  methods  viz.  direct  in-situ 
or  laboratory  tests  on  the  material  from  each  layer  or  by  nondestructive 
testing  devices  e.g.  Dynaflect.   The  fatigue  of  the  material  is  also  of 
importance  in  the  determination  of  structural  coefficients.   The  fatigue 
characteristics  were  tested  by  means  of  indirect  tensile  tests. 

The  results  from  the  direct  in-situ  and  laboratory  tests  will  be 
summarized  and  discussed  in  this  chapter.   The  results  of  the  secondary 
study  on  the  foamed  asphalt  recycled  material  will  also  be  summarized 
and  discussed. 

7.2.   Subgrade  Material 
The  results  of  the  in-situ  strength  tests,  performed  with  the  DCP 
(dynamic  cone  penetrometer)  and  correlated  with  the  CBR-values  are 
given  in  Table  7.1.   In  all  the  cases  at  least  two  distinct  layers  could 
be  detected.   The  top  layer,  with  an  average  thickness  of  4.8  inches 
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Table  7.1.   Dynamic  Cone  Penetrometer  (DCP)  Test  Results 


Thick- 

Ave. 

Ave. 

Ave. 

CBR 

ness 

No.  of 

Total 

12" 

24" 

Gran. 

Gran. 

Layers 

Num. 

12" 

Subgr, 

Subgr , 

Layer 

Inches 

Detected 

Eastbound 

1 

19.8 

9 

9 

33 

5.4 

2 

3 

14.9 

12.5 

12.5 

20 

3.8 

2 

5 

9.9 

5.5 

5.5 

14 

6.2 

2 

7 

16.8 

9.2 

7.1 

40 

2.6 

3 

9 

12.9 

8 

8 

16 

7.4 

2 

11 

17.2 

12.5 

10.8 

40 

1.8 

3 

13 

16.0 

13.6 

10.9 

23 

4.0 

3 

17 

15.3 

11.6 

9.6 

21 

3.6 

3 

21 

29.9 

18.7 

16.8 

40 

5.0 

3 

25 

13.1 

12.7 

9.7 

14 

4.8 

3 

27 

20.2 

14.5 

11.8 

29 

3.4 

4 

29 

13.6 

10.5 

8.5 

22 

2.4 

3 

33 

19.7 

14.7 

12.8 

31 

3.0 

3 

36 

16.0 

14.0 

10.6 

21 

3.2 

4 

37 

21.3 

11.1 

10.1 

45 

3.6 

3 

39 

8.2 

5 

5 

14 

4.2 

2 

41 

13.9 

11.4 

7.5 

22 

2.6 

3 

42 

14.8 

9.9 

7.9 

29 

2.6 

3 

Westbound 

4 

14.5 

7 

7 

25 

5.0 

2 

8 

11.9 

6 

6 

19 

5.4 

2 

12 

21.5 

12.6 

9.8 

45 

2.8 

3 

16 

23.8 

11.9 

9.9 

50 

3.4 

3 

20 

26.8 

22 

22 

37 

3.8 

2 

24 

12.0 

8.5 

8.5 

14 

7.6 

2 

28 

30.0 

10.0 

10.0 

40 

4.2 

2 

32 

25.0 

15.0 

11.0 

18 

5.4 

2 

36 

13.0 

8.0 

7.0 

24 

3.2 

3 

40 

27.0 

22.0 

22.0 

37 

4.2 

2 

Ave. 

11.69 

27.96 

4.8 

S.D. 

4„29 

10.94 

1  inch  =  25.4  mm 
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(120  mm)  consisted  of  granular  material  with  a  GW-GM  Unified  Classifica- 
tion.  The  plasticity  index  (PI)  was  less  than  2  in  all  cases.   The 
average  moisture  content  during  sampling  was  5.8%  with  a  standard 
deviation  of  2.6%. 

The  subgrade  material  underlying  this  granular  layer  consisted  of 
a  layer  with  only  one  CBR-value  in  approximately  half  of  the  positions 
tested.   The  rest  of  the  positions  had  subgrade  layers  with  two 
different  CBR  values,  except  for  two  which  had  three  detectable 
different  strengths  at  three  different  depths.   All  the  layers  had  a 
Unified  Classification  of  SM.   The  PI  was  in  all  cases  less  than  7  with 
an  average  of  between  1  and  2.   The  average  moisture  content  during 
the  sampling  was  15.2%  with  a  standard  deviation  of  3.1%. 

Table  7.2  summarizes  these  results  of  both  the  layers. 
Figure  7.1  displays  the  manner  in  which  the  thickness  and  strength 
of  the  granular  layer  as  well  as  the  strength  of  the  underlying  layer 
(subbase)  vary  along  the  eastbound  lane.   The  strength  of  the  subbase 
is  taken  as  the  weighted  average  of  the  top  12  inches  (300  mm). 

The  strength  values  and  the  thickness  of  the  granular  layer  vary 
considerably.   It  will  not  be  possible  to  select  only  one  value  to 
represent  the  strengths  or  thicknesses  of  the  layers.   Figure  7.2  shows 
that  it  is  also  true  for  the  westbound  lane. 

Although  the  DCP  was  developed  to  get  quick  and  approximate 
readings,  the  differences  in  thicknesses  and  strengths  are  large 
enough  to  detect  these  differences.   For  the  same  reason  the  order  of 
accuracy  of  the  thicknesses  and  strengths  obtained  from  DCP-tests  must 
be  kept  in  mind. 


Table  7.2.   Characteristics  of  Subbase  and  Subgrade 
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Granular  Subgrade 

Layer  Soil 


Moisture  Content  Mean        5.8  15.2 

During  Sampling  S>D>        2.6  3.1 

Range       3.8-8.7  10.5-21.1 


(in  %) 


PI  ave.  1.0  2.0 


range 


NP-2  NP-7 


Unified  Classification  GW-GM*  SM** 


n 


6  12 


*GW-GM  =  fines  interfere  with  the  free  draining  properties  of  the  well 
graded  coarse  gravel. 

**SM    =  coarse  grained  silty  sand. 
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7.3.   Foamed  Asphalt  Recycled  Material 
This  study  was  done  to  determine  the  layer  equivalencies  of  the 
foamed  asphalt  recycled  layer.   A  detailed  study  was  conducted  to 
determine  the  elastic  parameters  (resilient  modulus  and  Poisson's  ratio) 
and  the  tensile  strength  of  the  unsaturated  samples.   The  unsaturated 
samples  were  chosen  since  the  side  drainage  of  the  test  road  was 
adequate.   All  of  the  in-situ  tests  and  deflection  measurements  were 
taken  with  the  pavement  layers  in  an  unsaturated  condition. 

The  specimens  were  obtained  from  two  sources  viz.  laboratory 
compacted  specimens  and  cores. 

The  results  as  they  pertain  to  the  main  objectives  of  this  study 
will  be  discussed  in  the  first  part  of  this  section  and  in  the  second 
part  as  they  pertain  to  the  secondary  objectives. 

7.3.1.   Main  Objectives 

The  laboratory  compacted  specimens  were  prepared  from  samples 

taken  at  twelve  different  positions  in  two  different  layers.   The  first 

step  therefore  was  to  find  out  if  there  are  any  differences  between  the 

elastic  properties  of  the  two  layers,  as  well  as  if  the  properties  at 

all  the  positions  are  the  same. 

Although  the  resilient  modulus  (M  )  values  at  each  of  the  six 

K 

positions  vary  considerably,  no  statistical  difference  could  be 
detected  at  a  =  0.05  for  the  resilient  moduli  at  34°F  (1°C) ,  73°F  (23°C) 
and  104°F  (40°C)  respectively  for  the  bottom  layer.   Not  enough  tensile 
strength  values  were  available  to  test  if  they  are  the  same  at  the  six 
positions. 
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The  resilient  modulus  values  at  34°F  (1°C)  and  104°F  (40°C)  are 
statistically  the  same  at  a  =  0.05,  while  the  MR-values  at  73°F  (23°C) 
are  statistically  the  same  at  a  =  0.01  for  the  six  locations  in  the 
top  layer  (second  lift). 

The  standard  one  way  analysis  of  variances  was  used  to  compare  the 
means  at  the  different  positions.   It  also  showed  that  all  the  values 
are  homogeneous.   Using  the  same  procedure  the  resilient  modulus  values 
at  73°F  (23°C)  for  all  12  locations  show  a  statistical  difference  at 
a  =  0.05  but  they  are  all  from  a  homogeneous  subset  according  to  the 
Student-Newman-Keuls  procedure  at  a  =  0.05. 

The  standard  t-test  was  used  to  compare  the  parameter  mean  values 

of  the  two  layers.   Since  the  M  -values  at  the  three  temperatures,  and 

R 

the  tensile  strengths  at  73°F  (23°C)  were  the  same  at  a  =  0.05 
respectively,  average  values  were  used  to  characterize  the  parameters 
for  both  layers  combined.   These  values  as  well  as  the  values  for  each 
layer  separately  are  summarized  in  Tables  7.3  and  7.4. 

It  was  not  possible  to  compare  the  values  of  the  parameters  at 
different  locations  for  the  cored  specimens,  since  only  one  specimen 
was  tested  from  each  core  position  in  most  cases.   The  resilient  moduli 
at  34°F  (1°C),  73°F  (23°C)  and  104°F  (40°C)  as  well  as  the  tensile 
strength  values  at  73°F  (23°C)  were  the  same  at  a  =  0.05  respectively 
for  both  layers.   The  t-test  was  again  used.   The  values  are  summarized 
in  Tables  7.3  and  7.4. 

The  resilient  modulus  testing  equipment  is  extremely  sensitive  and 
data  are  therefore  influenced  by  factors  such  as  humidity,  air 
temperature,  equipment  temperature  and  noise  and  vibrations  caused  by 
other  laboratory  equipment.   This  is  especially  significant  during  the 
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Table  7.3.   Results  of  Resilient  Modulus  and  Poisson's  Ratio  Tests 


(Unsaturated  Specimens) 


Temp(°F) 

typsi) 

S.D. 

n 

34 

191,209 

77,942 

14* 

Top  Layer 

73 

93,897 

20,517 

19** 

104 

41,415 

8,867 

18* 

34 

214,209 

120,450 

17* 

Lab. 

Bottom  Layer 

73 

90,045 

21,382 

18* 

Specimens 

104 

40,274 

9,824 

18* 

34 

203,940 

102,481 

31*** 

Both  Layers 

73 

92,024 

20,741 

37*** 

104 

40,894 

9,194 

35*** 

34 

168,451 

75,335 

18 

Top  Layer 

73 

81,922 

30,815 

24 

104 

51,776 

8,946 

10 

34 

174,169 

89,309 

13 

Core 

Bottom  Layer 

73 

73,516 

17,681 

19 

Specimens 

104 

48,642 

9,177 

11 

34 

170,849 

80,092 

31*** 

Both  Layers 

73 

78,207 

25,919 

43*** 

104 

50,134 

8,943 

21*** 

34 

Y 
0.043 



36 

Poisson's 

Ratio 

73 

0.138 



106 

104 

0.524 

43 

*  means  at  6  locations  equal  at  a  =  0.05. 
**  means  at  6  locations  equal  at  a  =  0.01. 
***means  of  both  layers  equal. 

1  psi  =6.9  kPa 

Note:   M_  values  homogeneous 

Randomness  was  assumed,  although  the  sampling  w.is  not 
completely  random. 
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Tabic  7.4.   Results  of  Indirect  Tensile  Strength  Tests  (Unsaturated 
Specimens) 


sT 

(psi) 


sd 

(psi) 


Samples 


Top  Layer 
Bottom  Layer 
Both  Layers 


34.5 
32.4 
33.6 


6.7 
7.4 
6.6 


6 

4 
10* 


Cores 


Top  Layer 
Bottom  Layer 
Both  Layers 


29.3 
38.0 

28.9 


11.9 

10.7 
11.0 


16 


24* 


1  psi  =6.9  kPa 
*  means  of  both  layers  equal. 


Note:   S  values  homogeneous. 

Randomness  was  assumed,  although  the  sampling  was  not 
completely  random. 
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recording  of  very  small  deformations,  which  occur  during  the  testing 
of  stiff  specimens.   The  cyclic  load  of  50  lb.  (22.4  kg)  is  also  too 
small  to  determine  the  M  accurately  due  to  the  influence  of  the  out- 
side factors. 

The  reasons  mentioned  in  the  previous  paragraph  and  the  fact  that 
the  LVD's  took  approximately  20  min.  to  obtain  a  stable  and  uniform 
temperature  (which  was  impractical  to  reach  in  this  study)  gave  erratic 
and  possibly  unreliable  Poisson's  ratio  values.   The  average  Poisson's 
ratio  values  for  both  the  laboratory  compacted  and  core  specimens  are 
nevertheless  given  in  Table  7.3. 

The  mean  M  -value  at  34°F  (1°C)  and  the  tensile  strength  value  at 
R 

73°F  (23°C)  were  the  same  for  the  laboratory  compacted  and  the  core 

samples  at  a  =  0.05.   This  was  not  the  case  for  the  M.  -values  at  73°F 

K 

(23°C)  and  104°F  (40°C)  respectively. 

The  resilient  moduli  for  the  laboratory  compacted  and  core 
specimens  are  shown  in  Figure  7.3  at  different  temperatures.   The 
resilient  modulus  values  change,  as  expected,  significantly  with 
temperature. 

The  main  reasons  for  the  differences  in  M  -values  seem  intuitively 
to  be  due  to  differences  in  densities,  asphalt  contents,  moisture 
contents  during  compaction  and  testing.   There  are  differences  between 
the  densities  and  testing  moisture  content,  but  not  between  the  asphalt 
contents.   The  main  reason  for  these  differences  seems  to  be  the 

density,  since  higher  densities  give  higher  M  -values  as  can  be  seen 

R 

in  Table  7.5.    It  can  be  seen  from  the  same  table  that  although  the 
testing  moisture  contents  differ,  a  high  moisture  content  does  not 
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Table  7.5.   Density  and  Moisture  Content  of  the  Unsaturated  Samples 


S.D.       n       M^(73°F) 


Top  Layer 

w 

Y 

0.58 
148.01 

0.12 
1.12 

6 
18 

93,897 

Samples 

Bottom  Layer 

w 
Y 

0.73 
147.01 

0.08 
1.31 

16 

17 

90,045 

Both  Layers 

w 

Y 

0.66 

147.51 

0.12 
1.31 

12** 
35 

92,024 

Top  Layer    w  0.27  0.19  5       81,922 

Y  138.59  2.93  20 

Cores      Bottom  Layer  w  0.23  0.11  4       73,516 

Y  137.16  6.61  8 

Both  Layers  w  0.25  0.15  9*      78,207 

Y  137.90  5.05  38 


X  =  average  value 

w  =  moisture  content  during  testing  (%) 

Y  =  density  (pcf) 

*  means  of  2  layers  equal  at  a  =  0.05 
**means  of  2  layers  not  equal  at  a  =  0.05 

1  pcf  =  0.0160  gm/cm3 
1  psi  =6.9  kPa 

Note:   Y  n°t  homogeneous 

w  homogeneous 

Randomness  was  assumed,  although  the  sampling  was  not 
completely  random. 
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ensure  a  high  M  .  These  factors  are  further  explored  later  on  in  this 
chapter.  The  compaction  moisture  content  cannot  be  compared  since  the 
values  for  the  core  specimens  were  not  available. 

The  laboratory  compacted  specimens  are  expected  to  have  higher 
densities  since  the  kneading  compaction  method  was  used  and  it 
simulates  the  density  in  the  pavement  after  one  year  in  use. 

In  a  study  on  eighteen  laboratory  compacted  specimens  from  one 
sample  the  influence  of  curing  time  and  temperature  on  the  resilient 
modulus  and  indirect  tensile  strength  were  investigated.   Three 
different  curing  times  viz.  1  day  in  air,  10  days  in  air  and  10  days  in 
air  plus  an  additional  50  hours  at  140°F  (60°C),  as  described  in  the 
previous  chapter,  were  used. 

There  were  no  statistical  differences  at  a  =  0.05  among  the  means 
of  the  densities  and  asphalt  contents  of  the  eighteen  specimens. 

Table  7.6  summarizes  the  results,  while  Figures  7.4  and  7.5  display 
the  results  graphically.   The  M^  increased  substantially  from  the  10 
day  air  curing  to  the  optimum  curing  condition  at  all  temperatures. 
The  increase  from  the  1  day  curing  to  the  10  day  curing  condition  was 
also  significant,  but  less  profound.   The  Mr  at  73°F  (23°C)  after  only 
1  day  of  air  curing  is  more  than  50,000  psi  (207  MPa)  and  stiff  enough 
to  be  opened  to  traffic. 

The  10  day  air  curing  simulates  the  condition  of  the  pavement 
layer  after  a  few  months  in  service.   The  ultimate  curing  simulates 
the  condition  after  a  few  years  in  service  under  ideal  conditions  viz. 
no  water  in  the  layer,  no  freeze-thaw  cycles,  no  fatigue  cracking,  no 
noticeable  oxidation  of  the  asphalt  cement.   This  condition  is  very 
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unlikely  to  be  reached  in  the  pavement  and  therefore  the  maximum  Mr 
will  lie  between  the  10  day  air  curing  values  and  the  ultimate  curing 
values  at  all  temperatures. 

The  influence  of  curing  time  is  less  profound  on  the  indirect 
tensile  strength  (S  ).   The  largest  increase  seems  to  be  between  the 
1  day  and  10  day  air  curing  condition  at  73°F  (23°C).   At  104°F  (40°C) 
the  biggest  increase  occurred  after  the  10  day  air  curing  period.   The 
increase  in  tensile  strength  was  equally  distributed  among  the  three 
curing  times  at  34°F  (1°C).  The  maximum  tensile  strength  should,  as 

with  the  M  ,  be  between  the  10  day  air  curing  and  ultimate  curing 

R 

values . 

Both  the  M  and  the  S   are  influenced  significantly  by  temperature 

T 

Ko     uqIudc      fnr     f-  Vi  o      M        ar\A      R 

T 
correspond  very  well  with  the  values  obtained  from  the  specimens 

prepared  from  the  samples  taken  at  the  same  position  and  used  in  the 

comparisons  and  results  described  in  the  beginning  of  this  section 

(Tables  7.3  and  7.4).   It  is  therefore  a  representative  sample  and  the 

foamed  asphalt  recycled  material  can  be  expected  to  behave  similarly 

and  have  approximately  the  same  values. 


The  S„,  is  influenced  more  than  the  M^ 

The  values  for  the  M  and  S^  obtained  from  these  eighteen  specimens 


7.3.2.   Secondary  Objectives 
The  same  specimens  that  were  used  to  obtain  the  results  presented 
in  the  previous  section  were  used  to  obtain  information  regarding  the 
Hveem-R  and  Marshall  variable  values.   These  values  can  be  used  to 
compare  the  recycled  foamed  asphalt  mixture  with  other  asphalt 
stabilized  mixtures  and  specifications  for  asphalt  base  courses.   An 
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attempt  was  also  made  in  this  section  to  explain  the  behavior  of  the 
mixture  based  on  density,  asphalt  content  and  moisture  content.   The 
influence  of  water  on  the  mixture  was  also  investigated.   For  this  part 
of  the  study  extra  specimens  had  to  be  compacted. 

Table  7.7  summarizes  the  results  of  the  tests  mentioned  in  the 
previous  paragraph  on  the  unsaturated  specimens.   A  one  way  analysis 
of  variance  procedure  was  again  used  to  conclude  that  the  mean  values 
at  each  location  in  each  of  the  two  layers  were  equal  at  a  =  0.05 
where  possible.   The  means  of  each  of  the  two  layers  were  compared 
using  the  standard  t-test.   The  means  of  the  Marshall  stability,  stiff- 
ness, flow,  Hveem-R-value  and  density  of  the  laboratory  compacted 
samples  are  significantly  higher  at  a  =  0.05  than  the  appropriate  mean 
values  of  the  core  specimen  values  (Table  7.9).   This  is  to  be 
expected  since  the  laboratory  samples  are  compacted  to  a  higher  density 
and  some  of  the  core  samples  were  slightly  cracked  and  disturbed. 
Figures  7.6  to  7.12  depict  these  differences. 

The  influence  of  vacuum  saturation  on  the  test  parameters  of  36 
laboratory  compacted  specimens  from  the  six  different  positions  in  each 
of  the  two  layers  is  summarized  in  Table  7.8.   Only  five  core  specimens 
were  exposed  to  water.   The  test  parameters  obtained  from  them  have 
large  variances  and  the  test  parameter  values  of  the  saturated  and  un- 
saturated core  specimens  are  the  same  at  a  =  0.05.   This  is  not 
reliable  due  to  the  small  number  of  saturated  specimens.   The  saturated 
laboratory  compacted  specimens  have  lower  Marshall  stability,  stiffness, 

index,  Hveem-R  and  M   at  73°f  (23°C)  values,  but  only  the  difference  in 
R 

mean  M  -values  is  significant  at  a  =  0.05.   The  rest  of  the  differences 


M  -values  is  sign 
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are  significant  at  an  alpha  value  of  approximately  0.10  (Table  7.9). 
These  differences  were  again  depicted  in  Figures  7.6  to  7.12. 

Table  7.9  gives  a  summary  of  the  results  of  statistical  tests  on 
the  test  parameters  to  verify  that  there  are  differences  in  the  mean 
values  at  a  =  0.05.   In  the  cases  where  the  differences  are  not 
significant  it  is  not  possible  to  conclude  that  one  value  is  different 
from  another.   The  level  of  significance  can  be  increased  by  taking 
more  observations. 

Another  objective  was  to  investigate  the  influence  of  storage  of 
the  foamed  asphalt  recycled  mixture  on  the  test  parameters.   Twenty 
eight  specimens  were  compacted  after  1,  3,  4,  5,  6,  7,  10,  14  and  21 
days  in  a  closed  plastic  bag  and  then  air  cured  for  10  days  before 
testing.   The  Hveera-R- values,  Marshall  variables,  resilient  modulus 
density  and  moisture  content  were  determined.   The  strength  parameter, 
M  ,  showed  a  decrease  in  strength  after  10  days  when  the  mixture  is 
stored  in  a  closed  plastic  bag  (Figure  7.13).   The  M  increased  after 
that.   The  density  and  compaction  moisture  content  did  not  follow  the 
same  trend  and  were  essentially  constant.   The  Marshall  variables  and 
Hveem-R-value  showed  changes,  but  no  definite  trend  could  be  detected. 
Since  the  strength  gain  should  be  the  same  for  all  the  specimens  it 
can  be  hypothesized  that  the  reasons  for  the  differences  in  M^  values 
after  10  days  occurred  because  the  initial  M^  modulus  values  were 
different.   The  additional  asphalt  cement  seemed  to  have  had  a  softening 
effect  on  the  original  asphalt  as  has  been  reported  by  others  (28,66). 
This  softening  effect  is  easier  to  detect  in  the  M   values  which  is  a 
measure  of  the  stiffness  of  the  mixture,  than  in  the  Marshall  variables 
and  Hveem-R- values.   The  equipment  used  to  measure  these  parameters 
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might  also  not  be  sensitive  enough  to  measure  the  parameters  to  the 
required  level  of  accuracy.   The  storage  of  the  mixture  in  a  plastic 
bag  has  some  influence  on  the  Mr  and  to  a  smaller  extent  the  Marshall 
variables  and  Hveem-R- value,  but  the  exact  magnitude  and  reasons  cannot 
be  obtained  from  this  study.   No  curing  seems  to  occur  during  the 
storage  period. 

In  a  comparison  between  the  strengths  of  the  foamed  asphalt  re- 
cycled mixture  when  stored  open  in  air  against  storage  in  a  closed 
plastic  bag  it  was  found  that  the  resilient  moduli  of  the  specimens 
compacted  from  the  mixture  stored  in  the  closed  bag  were  significantly 
higher  (at  a  =  0.05)  than  those  from  mixtures  stored  in  the  open.   The 
Marshall  variables  are  different  at  a  level  of  a  =  0.10,  but  the  Hveem- 
R-values  are  not  different.   Although  the  densities  and  the  testing 
moisture  contents  of  the  specimens  compacted  from  the  mixture  stored 
in  the  closed  bag  were  higher  than  those  compacted  from  a  mixture 
stored  in  the  open  they  were  not  significantly  different  at  a  =  0.05 
(Figures  7.14  to  7.17) . 

Stockpiling  (storage  in  the  open)  will  reduce  the  MR  of  the  mixture, 
but  will  have  little  effect  on  the  Marshall  stability  and  R-value.   Re- 
cycled foamed  asphalt  mixtures  can  be  stored  in  closed  plastic  bags  and 
used  in  laboratory  tests  without  seriously  influencing  the  Marshall 
variables  and  R-value.   The  effect  on  the  Mr  does  not  seem  to  be  large, 
but  is  present. 

In  an  attempt  to  explain  the  behavior  of  the  strength  parameters , they 
(M^,  R-value  and  Marshall  variables)  were  related  to  density,  compaction 
moisture  content,  testing  moisture  content  and  the  loss  of  moisture 
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FIGURE  7. 1 4  EFFECT  OF  STORAGE  IN  AIR  ON  THE 
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during  curing.   The  compaction  moisture  content  was  the  only  parameter 
that  could  be  related  successfully  to  the  Marshall  stability  and  MR. 
These  relationships  for  the  laboratory  compacted  samples  are  shown  in 
Figures  7.18  and  7.19.   An  optimum  ML  and  Marshall  stability  can  be 
obtained  by  using  the  correct  compaction  moisture  content.   For  this 
foamed  asphalt  recycled  mixture  it  was  approximately  2.3%. 

The  asphalt  contents  of  the  specimens  were  fairly  constant,  but 
the  penetration  and  kinematic  viscosity  of  the  recovered  asphalt  cement 
varied  considerably.   The  asphalt  contents  were  close  to  the  desired 
and  specified  asphalt  contents.   The  results  are  summarized  in  Table 
7.10. 

The  gradation  of  the  recovered  aggregate  fell  within  the  specifica- 
tion limits  and  close  to  the  gradation  assumed  during  the  design 
(Figure  7.20). 

7.4.   Asphalt  Concrete  Surface  Material 
The  results  of  tests  on  the  specimens  obtained  from  cores  and  on 
the  three  laboratory  compacted  specimens  are  given  in  Table  7.11.   Only 
the  properties  important  to  the  determination  of  the  structural  layer 
equivalencies  viz.  resilient  moduli  at  different  temperatures  on  the 
indirect  tensile  strengths  (S  )  at  73°F  (23°C)  were  determined.   No 
reliable  values  for  the  Poisson's  ratio  could  be  obtained  due  to  the 
sensitivity  of  the  recording  equipment.   M  -values  at  low  temperatures 
(stiff  specimens)  are  for  the  same  reason  not  very  reliable. 
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Table  7.10.   Summary  of  Test  Results  on  the  Extracted  Asphalt  Cement 


X 


S.D. 


Asphalt  content       1 

(%)  Actual  2 

3 


7.15 
7.70 
7.93 


1.32 


Expected* 
(%) 


7.33 

7.12 
6.64 


Penetration  (pens) 


42 


9.5 


Kinematic  vise  (cSt) 


481 


%  voids  (samples)** 


2.8 


%  voids  (cores)*J 


9.2 


*   Based  on  information  in  the  construction  proposal. 

**  Values  based  on  average  gradation,  asphalt  content  and  density. 


1.  By  weight  of  mix 

2.  By  weight  of  wet  aggregate 

3.  By  weight  of  dry  aggregate 
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Table  7.11.   Results  of  Tests  on  Asphalt  Concrete  Surface  Mixture 


Resilient  Modulus  (psi) 


Temp  (' 

'F) 

Cores 

Laboratory 

34 

360,000 

— 

73 

300,000 

300,000 

104 

71,000 

— 

Tensile  Strain  (psi)  73  109  185 

1  psi  =6.9  kPa 
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7.5.   Initial  Asphalt  Pavement 
The  results  of  the  tests  on  the  ten  cores  taken  before  construction 
are  summarized  in  Table  7.12.   These  values  were  used  as  an  indication 
of  the  properties  of  the  remaining  critical  pavement  layer  . 

7.6.   Fatigue  Life 
The  indirect  tensile  strengths  were  used  to  predict  the  fatigue 
life  of  the  foamed  asphalt  recycled  and  the  hot  asphalt  surface  mixture. 
The  correlations  were  developed  for  asphalt  concrete  mixtures  (42).   The 
horizontal  deformations  were  not  measured  and  the  static  elastic 
modulus  could  not  be  calculated.   The  relationships  for  controlled 
strain  could  therefore  not  be  used  to  determine  the  fatigue  life 
characteristics.   The  fatigue  life-tensile  strain  relationships  calcu- 
lated for  the  recycled  and  surface  material  based  on  correlations 
developed  from  the  indirect  tensile  test  and  constant  strain  tests  are 
given  in  Table  7.13.   The  relationships  for  the  recycled  material  seems 
to  be  unrealistic.   The  relationships  are  therefore  not  valid  for  these 
foamed  asphalt  materials. 

7.7.   Comparison  Between  Laboratory  and  Nondestructive  Testing  Results 

Chapter  9  describes  how  the  deflections  measurements  and  the 
BISTRO-program,  based  on  the  elastic  layered  theory  were  used  to 
calculate  the  resilient  modulus  for  all  the  layers.   M  -values  were 
obtained  for  the  foamed  asphalt  recycled  layer  at  1,  12  and  250  days 
after  construction.   The  pavement  temperatures  were  not  the  same  during 
all  the  deflection  measurements.   The  laboratory  M  -results  were  ad- 
justed to  correspond  with  the  temperatures  of  the  pavement  during  the 
non-destructive  testing. 
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Table  7.12.   Properties  of  the  Initial  Asphalt  Layer 


Average 

S.D. 

n 

>L  at  34°F 

82000 

18 

12 

(psi)  72°F 

64000 

17.7 

14 

104°F 

38500 

10.9 

14 

Hveem-R 

89 

3 

14 

Marshall  St, 

nbi 

-lit 

■7 

(lb) 

4480 

1120 

14 

Marshall  FL 

3W 

(0. 

01 

inch) 

8 

3 

10 

1  psi  =6.9  kPa 
1  inch  =  25.4  mm 
1  lb  =  4.45  N 
°C  =  5/9  (°F-32) 
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Table  7.13.   Fatigue-Life  Relationships  from  Indirect  Tensile  Tests 
Nf  =  k1(l/er)  l 


Layer  k  k 


Foamed  asphalt: 

Laboratory 

6000 

0.53 

Cores 

24000 

0.34 

Asphalt  Concrete  Surface: 

Laboratory 

2.24  x  10"5 

6.18 

Cores 

4.19  x  10"6 

3.33 

N  =  number  of  load  applications  to  failure 

£  =  tensile  strain  at  the  bottom  of  the  asphalt  layer 


k  and  k„  =  coefficients. 
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Table  7.14  summarizes  the  results  of  the  laboratory  and  non- 
destructive test  results.   The  resilient  modulus  of  the  10  day  air 
cured  specimens  seems  to  be  approximately  equal  to  the  in-situ  resilient 
modulus  of  the  recycled  layer  250  days  after  construction. 

7.8.   Summary  of  Results 

1.  The  soil  underlying  the  base  course  consisted  of  a  granular 
layer  of  between  three  and  five  inches  (75  and  125  mm)  thick 
on  top  of  a  finer  grained  sandy  silt.   The  granular  layer  had 
strengths  (CBR-values)  ranging  from  14  to  50.   The  sandy  silt 
layer  had  strengths  varying  from  10  to  30%  CBR  (for  the  top 
12  inches  or  305  mm).   A  uniform  strength  cannot  be  assigned 
to  the  strengths  of  these  two  layers.   The  test  section  will 
have  to  be  divided  into  sections  with  equal  granular  layer 
and  sandy  silt  layer  strengths  for  further  analysis. 

2.  Although  the  >L  values  differ  at  the  twelve  different  sampling 
locations  the  two  layers  and  the  locations  can  be  represented 
by  an  average  value  for  each  of  the  three  temperatures.   The 
>L  at  34°F  (1°C)  was  approximately  240,000  psi,  at  73°F  (23°C) 
92,000  psi  and  at  104°F  (40°C)  41,000  psi  for  the  laboratory 
compacted  spceimens.   The  KL  at  34°F  (1°C)  was  approximately 
171,000  psi,  at  73°F  (23°C)  78,000  psi  and  at  104°F  (40°C) 
approximately  50,000  psi  for  the  core  specimens. 

3.  The  indirect  tensile  strength  at  73°F  (23°C)  was  approximately 
34  psi  (235  kPa)  for  the  laboratory  compacted  specimens  at 

29  psi  (200  kPa)  for  the  core  specimens. 
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4.  No  reliable  values  for  the  Poisson's  ratio  could  be  obtained. 
The  values  ranged  from  0.043  (at  34°F)  to  0.524  (at  104°F). 

5.  The  resilient  moduli  and  indirect  tensile  strengths  (S  )  in- 
creased with  a  decrease  in  temperature. 

6.  The  M  and  indirect  tensile  strength  values  increased  with  an 
increase  in  curing  time.   The  low  value  was  sufficient  to 
support  traffic  immediately  after  construction.   The  M  values 
changed  from  53,000  psi  (359  kPa)  at  73°F  (23°C)  with  no  curing 
to  304,000  psi  (2097  kPa)  with  maximum  curing.   The  S  values 
changed  from  22  psi  (152  Pa)  at  73°F  (23°C)  with  no  curing  to 
40  psi  (276  Pa)  with  maximum  curing. 

7.  The  maximum  curing  condition  will  most  probably  never  be 
reached  and  the  maximum  strength  of  the  pavement  will  be 
close  to  the  values  obtained  after  10  days  air  curing.   The 
strength  of  the  mixture  in  the  pavement  will  increase  from  the 
values  obtained  for  the  core  specimens  during  use,  since  the 
density  and  stiffness  will  increase. 

8.  The  average  Marshall  stability  of  the  laboratory  compacted 
specimens  was  3000  lb.  (13.35  kN) ,  the  average  flow  0.16  inches 
(4  mm)  and  the  average  R-value  86.   For  the  core  specimens  the 
average  Marshall  stability  was  2000  lb.  (8.9  kN),  the  average 

flow  0.32  inches  (8  mm)  and  the  R-value  78.   The  average 

2 
densities  were  148  pcf  and  138  pcf  (2.37  and  2.21  gmcm  ) 

respectively. 
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9.  Water  had  a  detrimental  effect  on  the  strength  of  the  foamed 
asphalt  recycled  mixture.   It  reduced  the  Marshall  stability, 
the  R-value  and  the  M  ,   The  effect  on  the  M^  was  the  most 
profound.   The  M  was  reduced  by  between  25  and  30%  for  both 
the  laboratory  compacted  and  core  specimens.   Water  should 
therefore  be  kept  out  of  the  pavement. 

10.  Storage  of  the  mixture  in  closed  plastic  bags  had  only  a 
slight  influence  on  the  Marshall  stability  and  Hveem-R-value, 
but  a  larger  influence  on  the  ML.   The  additional  asphalt 
seemed  to  soften  the  mixture  during  the  first  few  (5)  days 
which  caused  the  mixture  to  be  less  stiff  (lower  M  ). 

11.  Stockpiling  in  the  open  reduced  the  M  . 

12.  The  compaction  moisture  content  influenced  the  M^  and  Marshall 
stability.   Optimum  values  can  be  obtained  for  this  foamed 
asphalt  recycled  mixture  with  a  compaction  moisture  content 

of  approximately  2.3%. 

13.  The  asphalt  content  of  7.15%  by  weight  of  mix  and  the  grading 
of  the  recovered  aggregate  were  close  to  the  proposed  values. 
The  asphalt  cement  penetration  and  kinematic  viscosity  remained 
approximately  the  same. 

14.  The  asphalt  concrete  surface  layer  can  be  represented  by  a 
MR-value  of  more  than  360,000  psi  (233  MPa)  at  34°F  (1°C), 
300,000  psi  (2069  MPa)  at  73°F  (23°C)  and  71,000  psi  (490  MPa) 
at  104°F  (40°C).   The  indirect  tensile  strength  at  73°F  (23°C) 
was  approximately  150  psi  (1034  MPa). 
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15.  The  fatigue  life-tensile  strain  relationships  determined  from 
the  results  of  the  indirect  tensile  test  cannot  be  used  for 
the  foamed  asphalt  recycled  material. 

16.  The  average  resilient  modulus  of  the  recycled  layer  determined 
from  the  deflection  measurements  250  days  after  construction 
(Chapter  9  )  corresponds  well  with  the  M~  of  the  laboratory 
sample  after  10  day  air  curing. 
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CHAPTER  8:   RESULTS  OF  NON-DESTRUCTIVE  TESTING 

8.1.   Introduction 

The  results  of  the  nondestructive  tests  viz.  Clegg  impact  soil 
tests  and  the  Dynaflect  deflection  measurements  are  summarized  and  dis- 
cussed in  this  chapter.   The  Dynaflect  is  widely  used  in  nondestructive 
testing.   It  is  generally  used  to  compare  different  pavements  and/or  the 
uniformity  of  a  pavement  section. 

The  Dynaflect  deflections  have  been  correlated  with  Benkelman  beam 
deflections  which  are  actual  deflections  of  the  pavement  under  a  18,000 
lb  (80  kN)  dual  wheel  load. 

The  Clegg  impact  soil  tester  is,  and  was  designed  to  be,  used  to 
measure  the  in-situ  strength  of  granular  materials.   The  Clegg  Impact 
Value  (CIV)  has  also  been  correlated  with  CBR-values.   The  Clegg  impact 
tester  was  not  used  on  the  recycled  layer  in  this  study  to  determine 
absolute  values  for  strength,  but  to  see  if  it  is  possible  to  compare 
the  relative  strengths  of  the  different  sections  of  the  foamed  asphalt 
recycled  layer. 

8.2.   Clegg  Impact  Tests 

The  results  of  the  tests  on  the  eastbound  lane  are  shown  in  Figure 

8.1.   The  relative  strength  of  the  recycled  layer  as  measured  at  the 

center  of  the  lane  increased  substantially  with  increased  compaction. 

The  first  set  of  observations  was  taken  approximately  six  hours  after 
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placement.   The  material  was  at  that  time  compacted  by  four  passes  of 
the  compaction  machine.   The  next  set  of  observations  was  taken  the 
following  morning.   The  recycled  material  was  compacted  by  two 
additional  passes  of  the  compaction  equipment  and  traffic  after  the 
first  observations  were  taken.   The  density  as  specified  by  the  IDOH 
was  reached  and  was  approximately  the  same  as  the  density  obtained 
during  the  Dynaflect  deflection  measurements  before  the  surface  was 
placed.   The  Clegg  impact  tests  were  conducted  on  the  bottom  layer  only. 

The  average  CIV-value  before  final  compaction  was  33.5  (standard 
deviation  was  10.8)  and  after  final  compaction  46.5  with  a  standard 
deviation  of  5.2. 

Figure  8.2  shows  the  results  of  the  tests  on  the  westbound  lane. 
All  the  tests  were  performed  after  the  final  compaction.   Both  these 
figures  show  that  differences  in  strengths  or  densities  can  be  detected 
by  the  Clegg  impact  soil  tester.   It  is  not  possible  at  this  point  to 
relate  these  relative  CIV-values  to  absolute  values  e.g.  elastic  modulus 
for  asphalt  stabilized  or  recycled  layers.   Since  the  Clegg  tests  were 
conducted  on  the  bottom  recycled  layer  and  the  deflection  tests  on  the 
top  and  surface  layers  the  values  for  stiffness  of  the  two  tests  cannot 
be  compared. 

8.3.   Deflection  Tests 


Dynaflect  pavement  deflections  are  usually  characterized  by  the 
maximum  deflection  (DMD),  the  surface  curvature  index  (SCI),  the  base 
curvature  Index  (BCI),  the  deflection  of  the  fifth  sensor  (D,-)  and  the 
spreadability  (SPD).   The  significance  of  all  the  parameters  are 
explained  in  Chapter  6.   Metwali  (48)  showed  that  the  DMD,  SCI  and  Dr 
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have  significantly  (at  a  =  0.01)  lower  values  in  the  fall  when  compared 
with  the  spring  values.   The  SPD  is  not  influenced  by  seasonal  differences, 
Since  the  deflection  measurements  were  taken  in  different  seasons  they 
cannot  be  compared  without  appropriate  adjustments  or  the  realization 
that  the  values  could  have  been  influenced  by  seasons. 

Deflections,  for  a  constant  pavement  cross  section,  are  influenced 
mainly  by  the  temperature  in  the  asphalt  layers  and  the  moisture  content 
of  the  subbase  and  especially  the  subgrade,  except  for  temperatures  below 
freezing  point  when  the  subgrade  can  be  frozen.   This  latter  case  was 
not  present.   The  maximum  deflections  occur  during  the  spring  thaw 
period. 

Relationships  based  on  the  time  of  year  were  developed  to  compare 
DMD  values  (Metwali  (48)).   Researchers  in  Kentucky  (59)  developed 
relationships  to  compare  the  deflections  under  the  first  three  sensors 
of  the  Road  Rater  based  on  the  temperature  of  the  asphalt  layers.   Al- 
though they  concluded  that  moisture  content  in  the  subgrade  has  an  in- 
fluence on  the  deflections  the  effect  of  the  temperature  is  more 
important.   Higher  temperatures  give  lower  elastic  moduli  of  the  asphalt 
layer  and  therefore  higher  deflections.   Since  the  SCI  is  an  indication 
of  the  stiffness  of  the  surface  layer  and  the  difference  between  the 
deflections  of  the  first  and  second  sensors  of  the  Dynaflect  it  will  be 
influenced  mainly  by  the  temperature.   Adjustments  should  therefore  be 
made  based  on  temperature.   The  spreadability  (SPD)  does  not  have  to  be 
adjusted,  because  it  is  not  influenced  by  time  of  year.   Even  if  the 
deflections  of  the  first  three  sensors,  which  are  influenced  by  changes 
in  the  moduli  of  the  surface  layers,  were  to  be  adjusted,  the  SPD  value 
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would  not  change  substantially  due  to  the  method  of  determining  SPD. 
The  values  of  BCI  and  D5  are  influenced  by  the  season,  but  relationships 
are  not  available  to  adjust  them  according  to  the  season.   The  fall 
values  are  higher  and  this  must  be  considered  in  the  comparison  of 
deflections  taken  at  different  times.   Table  8.1  gives  a  summary  of  the 
adjustment  factors  used  for  the  different  parameters  in  this  chapter. 
The  factors  were  selected  from  both  methods  mentioned  above.   They  were 
in  most  cases  very  similar.   In  the  one  instance  where  the  factors  were 
completely  different  the  factor  developed  based  on  the  time  of  year  only 
was  used,  since  the  other  method  relies  on  the  mean  ambient  temperature 
five  days  prior  to  measuring  the  pavement  temperature  during  deflection 
measurements  and  it  was  difficult  to  obtain  accurate  values  for  the 
latter.   All  the  adjustment  factors  were  adjusted  to  compare  the  de- 
flections and  deflection  parameters  to  those  taken  during  and  soon  after 
construction  (in  September  1981).   The  average  temperature  during  that 
time  was  close  to  70°F  (21°C)  and  the  deflections  were  used  to  determine 
the  structural  layer  equivalencies.   Table  8.1  also  shows  which 
deflection  data  sets  were  available  and  could  be  used  for  each  of  the 
lanes . 

Four  sets  of  deflection  data  were  available  for  each  of  the  lanes. 
Deflection  measurements  were  taken  before  construction  on  the  initial 
pavement  during  November  1980  (BEFOREl)  and  May  1981  (BEF0RE2)  on  both 
lanes.   The  measurements  taken  during  May  1981  on  the  eastbound  lane 
could  not  be  used  due  to  a  calibration  error.   A  set  of  deflection 
measurements  was  taken  on  the  recycled  foamed  asphalt  layer  during 
construction  in  September  1981  (DURING)  in  the  eastbound  lane  only.   Two 
sets  of  deflection  measurements  were  taken  after  construction  on  both 
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lanes.   The  first  set  was  taken  ten  to  twelve  days  after  the  placement 
of  the  asphalt  concrete  surface  in  September  1981  (AFTER1)  and  the 
second  set  approximately  8  months  after  construction  in  May  1982 
(AFTER2).   The  Dynaflect  deflection  parameters  are  summarized  in  Table 
8.2.   Figures  8.3  to  8.7  display  these  parameters  for  the  eastbound  and 
Figures  8.8  to  8.12  for  the  westbound  lane. 

The  maximum  deflections  were  higher  a  few  days  after  construction 
(AFTER1)  than  those  taken  before  the  construction  (BEF0RE1  and  BEF0RE2) 
(Figure  8.13).  The  maximum  deflections  decreased  (an  indication  that 
the  pavement  stiffness  increased)  during  the  first  eight  months  after 
construction,  but  were  still  higher  than  the  deflections  before  con- 
struction.  The  surface  curvature  index  (SCI) ,  as  an  indicator  of  the 
stiffness  of  the  surface  layers  (base  course  and  surface),  shows  the 
same  trend  (Figure  8.14).   A  low  SCI-value  indicates  a  high  stiffness. 
According  to  the  SCI  values  is  the  stiffness  of  the  top  layers  approxi- 
mately the  same  with  and  without  the  1-1/2  inch  asphalt  concrete 
surface  layer  (DURING  and  AFTER1).   The  addition  of  the  1-1/2  inch 
(38  mm)  asphalt  concrete  surface  increased  the  spreadability  of  the 
pavement  structure.   The  spreadability  increased  during  the  first  eight 
months  after  construction,  but  was  still  lower  than  the  spreadability 
of  the  initial  pavement  if  the  deflections  taken  during  November  1980 
(BEF0RE1)  were  taken  as  a  reference  (Figure  8.15).   If  the  deflections 
taken  during  May  1981  (BEF0RE2)  were  taken  as  a  reference  the  spread- 
ability  of  the  new  recycled  pavement  is  higher  after  eight  months. 

This  apparent  inconsistency  with  the  spreadability  shows  how 
difficult  it  is  to  compare  pavement  structures  based  on  some  Dynaflect 


175 


Table  8.2.   Summary  of 

Dynaf lect 

Deflection 

Parameters 

Dl 
(mils) 

SCI 
(mils) 

SPD 
(%) 

BCI 

mils 

D5 

Eastbound 

BEF0RE1 
(Nov.  1980) 

X 
S.D. 

1.743 
.639 

.466 
.269 

51.90 
4.60 

.144 
.072 

.229 
.094 

DURING 

(Sept.  1981)* 

X 
S.D. 

2.105 
.636 

.640 
.263 

46.02 
5.03 

.168 
.068 

.192 
.087 

AFTERl 

(Sept.  1981)** 

X 
S.D. 

1.819 
.562 

.650 
.221 

48.22 
4.56 

.183 
.072 

.257 
.150 

AFTER2 

(May  1982)*** 

X 
S.D. 

1.706 
.584 

.502 
.193 

49.56 
5.21 

.195 
.089 

.273 
.126 

Westbound 

BEF0RE1 
(Nov.  1980) 

X 
S.D. 

1.631 
.541 

.437 
.231 

52.37 
5.292 

.150 
0.076 

.22 
.085 

BEF0RE2 
(May  1981) 

X 
S.D. 

1.546 
.434 

.526 
.224 

47o72 
5.860 

.181 
.141 

.209 
.075 

AFTERl 
(Sept.)** 

X 
S.D. 

2.055 
.870 

.758 
.350 

46.68 
4.142 

.205 
.093 

.226 
.075 

AFTER2* 
(May) 

X 

S.D. 

1.917 
.877 

.599 
.294 

48.67 
5.100 

.211 
.121 

.285 
.136 

All  values  have  been  adjusted  according  to  the  factors  in  Table  9.1. 


1  inches  =  25.4  mm 

n  -  42 

D  =  maximum  Dynaflect  deflection  (sensor  1) 

SCI  =  surface  curvature  index 
SPD  =  spreadability 
BCI  =  base  curvature  index 
D-  =  deflection  of  sensor  5 
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FIGURE  8. 1  3   COMPARISON  OF  AVERAGE  SURFACE 
CURVATURE  BEFORE,  DURING  AND 
AFTER  CONSTRUCTION 
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deflection  parameters  only.   The  maximum  deflections  are  influenced  to 
a  large  extent  by  the  subgrade.   The  deflection  of  the  fifth  sensor  and 
the  base  curvature  index  (BCI),  as  indicators  of  the  strength  of  the 
subgrade,  vary  considerably  among  testing  dates.   The  moisture  content 
of  the  subgrade  plays  a  major  role  in  its  strength.   It  is  unlikely  that 
the  moisture  contents  would  have  been  the  same  even  within  a  specific 
season.   That  can  be  seen  by  the  difference  in  Dj-  and  BCI  values  between 
the  DURING  and  AFTER1  testing  times,  which  were  not  more  than  twelve 
days  apart.   Another  important  characteristic  of  the  subgrade  is  its 
stress  sensitivity.   A  low  deviator  stress  (cO  results  in  a  high 
resilient  modulus  value.   A  stiff  layer  overlaying  a  subgrade  will 
induce  smaller  deviator  stress  values  than  a  less  stiff  layer  on  a 
similar  subgrade.   The  same  subgrade  can  therefore  have  different  Mr  or 
strength  values  which  will  influence  the  maximum  deflection.   Although 
adjustments  have  been  made  to  the  maximum  deflection  values  the  in- 
fluence of  the  strength  of  the  subgrade  must  be  kept  in  mind  in  the  use 
of  maximum  deflections  to  compare  different  pavements. 

The  spreadability  as  an  indicator  of  the  strength  of  a  pavement 
also  has  some  inherent  inconsistencies.   The  deflection  values  at  the 
first  two  sensors  are  influenced  mainly  by  temperature  and  the  fourth 
and  fifth  sensors  mainly  by  moisture  content  in  the  subgrade  for  a  pave- 
ment structure  with  specific  pavement  layer  characteristics  (Figure  8.16) 
An  increase  in  the  temperature  of  the  asphalt  layers  will  decrease  the 
stiffness  and  therefore  results  in  higher  deflection  values  of  sensors 
one  to  three  while  four  and  five  remain  the  same.   This  will  cause  the 
spreadability  to  decrease  which  is  correct.   On  the  other  hand,  if  only 
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FIGURE  8. 1  6  EFFECTS  OF  THE  ELASTIC  MODULI 
OF  THE  PAVEMENT  LAYERS  ON  THE 
DYNAFLECT  DEFLECTION  BASIN 
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the  moisture  content  in  the  subgrade  increases  the  deflection  values  at 
all  the  sensors  will  increase,  but  more  at  the  first  and  second  sensors 
than  at  the  other  three.   This  will  result  in  a  smaller  spreadability 
than  for  a  similar  pavement  structure  on  a  stronger  subgrade.   The 
spreadability  can  be  a  good  indicator  of  the  pavement  strength  if  the 
subgrade  strength  remains  the  same.  This  unfortunately  is  not  the  case 
in  this  study.   Pavements  with  strong  subgrades  tend  to  have  lower 
spreadability  values  than  a  similar  pavement  structure  on  a  weaker  sub- 
grade  indicating  low  strengths  as  shown  in  Figure  8.17,  while  they 
should  be  the  same. 

The  opposite  is  true  for  the  SCI.   Pavements  with  subgrades  with 
high  strengths  will  have  lower  SCI  values,  indicating  a  higher  strength 
than  a  similar  pavement  with  a  soft  subgrade  (Figure  8.18).   The  SCI  is 
a  function  of  both  the  strengths  of  the  surface  and  the  base  course 
materials.   A  high  SCI  value  does  not  necessarily  indicate  a  stiff 
surface  layer,  even  if  the  subgrade  is  the  same.   A  stiff  base  course 
and  a  flexible  surface  course  will  also  give  a  high  SCI-value.   The 
surface  curvature  index  cannot  be  used  as  an  indicator  of  the  stiffness 
of  the  surface  layer  (in  this  case  the  recycled  layer)  alone. 

In  spite  of  all  the  limitations  of  the  Dynaflect  deflection 
parameters  that  are  indicators  of  the  strength  of  the  surface  layer  and 
by  looking  at  all  the  five  parameters  simultaneously  it  can  be  con- 
cluded that  the  strength  of  the  pavement  was  lower  than  the  original 
during  and  soon  after  construction,  but  it  increased  and  after  eight 
months  was  at  least  as  strong  as  the  original  pavement  before  construc- 
tion.  The  foamed  asphalt  recycled  base  course  layer  of  5.5  inches 
(140  mm)  and  the  1-1/2  inch  (38  mm)  hot  asphalt  surface  layer  after 
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eight  months  is  at  least  as  strong  as  the  original  asphalt  concrete 
pavement  of  approximately  5.8  inches  (170  mm).   The  original  asphalt 
layer  showed  no  severe  distress  patterns  before  it  was  removed. 

The  behavior  of  the  foamed  asphalt  recycled  pavement  layer  is  thus 
in  concordance  with  the  behavior  of  conventional  pavements,  namely  that 
the  life  of  the  pavement  consists  of  three  phases  (11,70).   During  the 
first  or  consolidation  phase  the  pavement  layers,  in  this  case  the 
recycled  and  surface  layers,  undergo  some  consolidation  due  to  the 
vehicle  wheel  loads.   This  phase  can  last  from  three  to  eighteen  months 
depending  on  the  rigidity  (70) .   Since  the  recycled  layer  is  not  very 
rigid  and  the  traffic  volume  is  low,  this  phase  will  probably  last  a 
fairly  long  time.   During  this  phase  the  deflections  decrease.   This  is 
another  indication  that  the  recycled  pavement  is  still  in  this  phase. 
This  phase  should  be  followed  by  an  elastic  phase  in  which  the  pavement 
is  elastic  and  the  deflections  constant.   Pavements  with  low  deflections 
usually  have  a  longer  elastic  phase  than  those  with  high  deflection  (11). 
During  the  final  phase  the  tensile  strain  will  cause  cracking  in  the 
asphalt  layers  and  subsequent  failure. 

The  deflections  of  the  foamed  asphalt  recycled  pavements  are 
likely  to  become  smaller  than  the  values  measured  after  eight  months  due 
to  consolidation  and  curing  of  the  foamed  asphalt  recycled  material  as 
described  in  Chapter  7. 

The  Dynaflect  deflection  parameters  are  very  useful  in  the 
comparison  of  relative  values  on  the  same  pavement  from  measurements 
taken  at  the  same  time.   The  SCI  and  BCI  or  Ds  can  be  used  to  select 
sections  with  uniform  subgrade  or  surface  layers  strengths.   This  was 
done  in  this  study  to  select  the  sections  used  in  the  next  chapter. 
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8.4.   Comparison  of  In-Situ  CBR  and  BCI/D5 
The  in-situ  CBR-values  obtained  from  DCP  tests  were  compared  with 
BCI-values  obtained  from  deflections  taken  during  May  1981  (BEF0RE2) 
and  September  1981  (DURING  and  AFTER1).   No  significant  statistical 
relationship  could  be  found.   The  values  are  displayed  in  Figure  8.19 
for  the  eastbound  and  Figure  8.20  for  the  westbound  lane.   The  DCP- 
values  shown  are  the  average  over  the  top  24  inches  (610  mm)  of  the 
sandy  silt  subgrade.   The  deflections  of  the  fifth  sensor  were  also 
compared  with  the  DCP  values,  but  showed  an  even  worse  correlation. 

One  of  the  reasons  for  the  poor  correlations  probably  is  that  both 
BCI  and  D  are  not  unique  indicators  of  the  subgrade  strength. 
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CHAPTER  9:   STRUCTURAL  COEFFICIENT  DETERMINATION 

9.1.   The  Pavement  Response  Model 

Various  pavement  response  models  in  general  use  are  described  in 
Chapter  2.   The  BISTRO  program  was  used  in  this  study  due  to  its 
availability.   The  BISTRO  computer  program  is  based  on  the  elastic 
layer  theory  and  can  calculate  stresses,  strains  and  deformations  at 
various  places  in  the  pavement  for  virtually  any  number  of  layers.   The 
BISTRO  program  is  not  stress-sensitive  (non-linear) .   The  elastic 
moduli  of  the  stress-sensitive  layers  had  to  be  adjusted  independently 
of  the  computer  program. 

The  analysis  used  in  the  BISTRO  program  is  based  on  the  theory  of 
stress  distribution  in  an  unstratified  semi-infinite  elastic  medium 
under  the  compressive  action  of  a  rigid  body  as  presented  by  Boussinesq 
in  1885  and  generalized  to  layered  systems  by  Burmister  in  1943.   It 
also  uses  the  Hankel  transform  theory.   The  following  assumptions  are 
made  in  the  program. 

1.  Each  layer  is  a  homogeneous  ideally  elastic  material  with  a 
uniform  finite  thickness,  but  infinite  dimensions  in  the 
horizontal  directions. 

2.  All  the  overlying  layers  are  stratified  vertically  over  the 
semi-infinite  base  (bottom)  layer. 

3.  Each  layer  is  physically  defined  by  its  elastic  parameters, 
modulus  of  elasticity  (E)  and  Poisson's  ratio  (y) . 
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4.  The  system  is  uniformly  loaded  over  circular  area  axisymmetric 
surface  loads. 

5.  The  adjacent  layers  are  bonded  and  no  slip  occurs  at  the 
interface. 

6.  The  layers  remain  in  contact  and  the  vertical  stress  and  dis- 
placement are  continuous  at  the  layer  interfaces. 

7.  Displacements,  stresses  and  strains  are  finite  at  infinite 
depth  (81). 

9.2.   Distress  Criteria 

The  selection  of  the  distress  criteria  is  an  essential  and  very 
important  part  of  the  rational  design  procedure  and  the  determination 
of  structural  equivalencies  (16) .   The  distress  criteria  are  used  to 
predict  the  performance  of  the  pavement.   The  performance  is  usually 
measured  as  the  number  of  equivalent  18000  lb  (80  kN)  axle  loads  (EAL) 
to  cause  some  type  of  failure.   The  failure  can  either  be  structural  or 
functional.   Structural  failure  occurs  when  the  pavement  is  not  capable 
of  carrying  out  its  intended  function  without  causing  discomfort  to  the 
passengers  or  high  stresses  to  the  vehicles  (76).   This  condition  can 
occur  due  to  excessive  rutting,  reduction  in  skid  resistance  or 
excessive  deformations.   Functional  failure  is  defined  as  the  collapse 
of  the  pavement  structure  due  to  the  breakdown  of  one  of  the  pavement 
layers.   Fatigue  cracking  of  any  of  the  asphalt  layers  is  usually  used 
as  a  criterion. 

The  three  criteria  used  in  this  study  are  fatigue  cracking  of  the 
asphalt  layers,  excessive  rutting  and  deformation.  Figure  9.1  depicts 
these  criteria  and  indicates  where  they  occur  in  the  pavement. 
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WHEEL  LOAD 
4,500  lb.  PER  WHEEL 


ASPHALT  CONCRETE 
SURFACE 


E-SURFACE  DEFLECTION 


F^-TENSILE  STRAIN 


FOAMED  ASPHALT 
RECYCLED   BASE 


REMAMING  INITIAL 
PAVEMENT  LAYER 


A -TENSILE  STRAIN 


B -TENSILE  STRAIN 


GRANJLAR  SUBBASE 


4 


C- COMPRESSIVE  STRAIN 


SANDY  SLT  SUBBASE 


D-SUBGRADE  DEFORMATION 


FIGURE  9. 1   TYPICAL  PAVEMENT  CROSS  SECTION 
USED  IN  THE  ANALYSIS 
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9.2.1.   Fatigue  Cracking 

Fatigue  cracking  in  asphalt  layers  are  caused  by  excessive  radial 
stresses  or  strains  at  the  bottom  of  the  asphalt  layers  through 
repeated  traffic  load  applications.   The  controlled  stress  (excessive 
strains)  failure  mode  is  usually  used  for  asphalt  layers  of  more  than 
three  to  four  inches  thick  and  the  controlled  strain  (excessive  stress) 
failure  mode  for  thinner  layers  (50).   These  strains  or  stresses  are 
related  to  the  number  of  load  applications  to  failure  (N^).   The 
controlled  stress  failure  mode  relationships  were  used  in  this  study  to 
predict  the  number  of  load  applications  to  failure  for  specific  tensile 
strains  at  the  bottom  of  the  foamed  asphalt  recycled  layer  as  well  as 
the  standard  AASHTO  asphalt  surface  layer.   The  controlled  strain 
failure  mode  was  used  to  check  if  the  asphalt  concrete  surface  on  the 
experimental  road  would  not  fail  before  the  recycled  layer. 

The  relationships  used  are  summarized  in  Tables  9.1  and  9.2.   They 
are  based  on  results  from  the  indirect  tensile  tests  and  on  relation- 
ships given  in  the  literature.   The  relationships  are  valid  for  asphalt 
layers  at  70°F  (21°C).   Rauhut  and  Kennedy  (56)  have  developed  procedures 
whereby  the  coefficients  in  the  fatigue  life  tensile  strain  relation- 
ships can  be  adjusted  for  stiffnesses  and  temperatures.   The  mix 
stiffness  can  be  adjusted  by: 

k..  =  k_.  (E./E.)4  (9.1) 

li   Ij   j  i 


where 


E.  =  elastic  modulus  of  the  reference  mixture  (for  the  best 
J 

results  it  should  be  close  to  500  kpi  (3.45  MPa ) ) . 
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Table  9.1.   Fatigue  Relationships  Used  for  the  Asphalt  Concrete 
Nf  =  k1  (l/er)  l 


Designa- 
tion 


Temp, 
(°F) 


Ref 


Description 


Asphalt  Concrete  (Experimental  Road) 

.-14 


4.997  x  10 


1.83  x  10 


-6 


5.10 


3.20 


Asphalt  Concrete  (AASHTO  material) 
,-7 


X 


7.87  x  10 


i-13 


3.29 


85 


85 


70 


3.11  x  10 

3.14 

72 

1.15  x  10~6 

3.25 

77 

5.83  x  10~6 

3.07 

80 

1.76  x  10"5 

2.95 

85 

2.16  x  10~13 

4.995 

70 

8.54  x  10 

4.79 

72 

-13 
3.16  x  10 

4.90 

77 

1.60  x  10~12 

4.72 

80 

4.82  x  10"12 

4.60 

85 

12 


11 


20 


56 


From  indirect 
tensile  tests. 

-  laboratory 
specimen 

-  strength 
after  eight 
months 


Developed  from 
laboratory  beam 
tests  on  AASHTO 
Road  Test 
materials  for 
<10%  cracking 


Based  on  the 
tensile  strain 
at  the  bottom 
of  the  AASHTO 
Road  Test  pave- 
ments (used 
elastic  layer 
theory  and 
psi  =  2.5) 


Nf  =  number  of  load  applications  to  failure. 

G  =  tensile  strain  at  the  bottom  of  the  asphalt  layer. 

k...  and  k„  =  coefficients. 
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Table  9.2.   Fatigue  Relationships  Used  for  the  Recycled  Material 
Nf  -  k1  (l/er)  2 


Designa-         ,  .       Temp 

tion  1  2      (°F)       Ref.   Description 

Q 

56     For  asphalt 

treated  bases 


4.36  x 

10° 

3.47 

70 

6.37  x 

io-8 

3.56 

72 

1.72  x 

lO"7 

3.45 

77 

3.23  x 

IO"7 

3.39 

80 

9.73  x 

IO"7 

3.26 

85 

2.20  x 

io"6 

3.29 

70 

5.95  x  10~6 

3.17 

72 

8.69  x  IO-6 

3.12 

77 

1.63  x  10~5 

3.07 

80 

4.91  x  IO"5 

2.95 

85 

4.47  x  IO"15 

4.83 

68 

1.21  x  10 

4.73 

72 

1.77  x  10~14 

4.69 

77 

3.32  x  10~14 

4.62 

80 

-14 
9.99  x  10 

4.50 

85 

20     From  laboratory 
fatigue  tests 
on  AASHTO 
material  with 
E  =  150000  psi. 


35     From  laboratory 
fatigue  tests 
on  foamed 
asphalt  stabil- 
ized material 
E  =  190000  psi. 


Table  9.2.      Continued 
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Designa- 
tion 


Temp 
(°F) 


Ref 


Description 


9.02  x  10 


-6 


,-5 


2.29 


68 


1.32  x  10 

2.25 

72 

3.57   x  10~5 

2.14 

77 

6.70  x  10~5 

2.07 

80 

1.95  x  10"4 

1.95 

85 

35     Same  as  3  but 
a  different 
mixture 
E  =  160000  psi 


Nf  =  number  of  load  applications  to  failure. 


£  =  tensile  strain  at  the  bottom  of  the  asphalt  layer, 
k  and  k„  =  coefficients. 
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E.  =  elastic  modulus  of  the  mixture  used. 

1 

k   and  k   are  the  coefficients  in  the  fatigue  life  (N  ) 

tensile  strain  (e  )  relationship, 
r 

k? 
N.  =  k,  (1/e  )   for  the  respective  mixtures, 
fir 

The  adjustment  for  temperature  is: 

log  [k1(T1)/k2(T2)]  =  0.00058  (Tx2  -  T^)  (9.2) 

where 

T  =  temperature  of  the  reference  relationship  (in  °F) 
T  =  actual  temperature  (in  °F) 

k   =  coefficient  in  the  fatigue  life  tensile  strain  relation- 
ship, 
k   =  exponent  in  the  fatigue  life  tensile  strain  relationship. 

The  pavement  temperatures  at  mid  depth  of  the  asphalt  layer  were 
determined  at  the  time  the  deflection  measurements  were  taken.   A  pro- 
cedure developed  by  Southgage  et.al  (72)  was  used.   The  mean  daily 
temperature  for  the  five  days  prior  to  deflection  measurement  and  the 
asphalt  pavement  surface  temperature  at  the  time  of  measurement  were 
used.   Temperatures  at  mid  depth  (3  inches  or  75  mm)  of  77°F  (25°C), 
72°F  (22°C),  80°F  (27°C)  and  85°F  (29°C)  for  the  measurements  taken 
during  construction  (DURING),  after  construction  on  the  eastbound  lane 
(AFTER1),  after  construction  on  the  westbound  lane  (AFTER1)  and  eight 
months  after  construction  (AFTER2)  were  used. 

Rauhut  suggests  that  any  of  the  two  adjustments  viz.  based  on 
stiffness  or  on  temperature  can  be  used  (56).  In  this  study  the  tempera- 
ture adjustment  were  used  since: 
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1.  It  gives  slightly  lower  load  repetition  values  (Nf)  at  a 
moduli  of  200,000  psi  (1380  MPa)  or  temperature  of  80°F  (27°C). 

2.  The  fatigue  relationships  used  for  the  recycled  layer  cannot 
be  adjusted  using  the  stiffness  since  the  moduli  at  70°F  are 
now  known  in  all  cases . 

3.  The  fatigue  relationships  developed  from  the  indirect  tensile 
testing,  can  better  be  adjusted  by  temperature. 

The  number  of  load  repetitions  increases  as  the  temperature  increases 
or  the  stiffness  decreases. 

The  fatigue  relationships  chosen  to  be  used  in  this  study  are: 

1.  A  relationship  developed  by  Finn  et.al  (56)  from  laboratory 
beam  tests  on  AASHO  Road  Test  materials  and  shifted  to 
predict  cracking  of  less  than  10  percent. 

2.  A  relationship  developed  by  Witczak  (56)  from  elastic  layer 
predictions  of  the  tensile  strain  at  the  bottom  of  the  AASHO 
Road  Test  pavements. 

These  relationships  are  displayed  in  Figure  9.2. 

Two  relationships  developed  from  the  indirect  tensile  tests  on  the 
asphalt  concrete  used  on  the  experimental  section  (SR16) ,  one  from 
laboratory  compacted  samples  and  one  from  cores  taken  eight  months 
after  construction  were  used  to  predict  the  service  life  of  the  surface 
layer  (Figure  9.3).   Four  different  relationships  were  used  to  predict 
the  fatigue  life  of  the  foamed  asphalt  recycled  layer.   The  relation- 
ships developed  from  the  indirect  tensile  tests  could  not  be  used  and 
therefore  no  relationships  were  available  for  the  foamed  asphalt  re- 
cycled material.   The  following  relationships  were  selected  from  the 
literature: 
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1.  Finn  et.al  (20)  developed  a  relationship  that  can  be  adjusted 
for  the  stiffness  of  the  asphalt  layer.   They  suggest  that  it 
can  be  used  for  asphalt  treated  materials.   Sufficient  informa- 
tion regarding  the  cracking  in  asphalt-treated  base  courses 
were  not  available  from  the  AASHO  Test  Road  to  develop  separate 
relationships.   An  elastic  modulus  of  150,000  psi  (1035  MPa) 
was  used.   This  is  approximately  50  percent  higher  than  the 
strength  of  the  laboratory  compacted  samples  after  ten  days 
curing  and  tested  at  72°F.   Samples  taken  from  the  test  road 
eight  months  after  construction  gave  an  average  elastic 
modulus  of  180,000  psi  (1242  MPa)  with  a  very  large  standard 
deviation  of  84,000  psi  (579  MPa)  for  only  three  samples.   A 
conservative  value  would  therefore  be  150,000  psi  (1035  MPa). 

2.  Smith  and  Nair  (56)  developed  a  relationship  for  asphalt 
treated  materials.   Since  the  foamed  asphalt  recycled  layer 

can  be  considered  as  an  asphalt  treated  material,  this  relation- 
ship was  used  in  the  study. 

3.  Epps  and  Little  (35)  developed  fatigue  relationships  for  foamed 
asphalt  stabilized  material  from  stress  controlled  laboratory 
tests.   Two  of  these  relationships  were  used  in  this  study  to 
predict  the  fatigue  life  of  the  foamed  asphalt  recycled  material. 
It  was  shifted  with  a  factor  of  13  to  take  field  conditions  into 
consideration  (35). 

Figure  9.4  shows  the  large  differences  among  these  curves.   All  the 
fatigue  life  relationships  used  to  predict  fatigue  cracking  were 
summarized  in  Tables  9.1  and  9.2. 
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9.2.2.   Rutting 

The  maximum  vertical  subgrade  strain  (e  )  is  used  to  predict  the 

v 

number  of  loads  on  a  pavement  to  reach  a  certain  rut  depth.   The 
maximum  compressive  strain  on  the  subgrade  has  been  related  to  the 
number  of  EAL  that  would  cause  undesirable  rutting  as  well  as  with  the 
structural  number  (SN).   The  relationships  used  in  this  study  were 
selected  from  relationships  given  in  the  literature  and  described  in 
Chapter  2.   The  maximum  deformation  of  the  subgrade  (W  )  has  also  been 
related  to  the  number  of  18,000  lb.  (80  kN  axle  loads  to  cause 
Present  Serviceability  (PSI)  to  be  reduced  to  2.5  (33).   These  relation- 
ships are  summarized  in  Table  9.3  and  displayed  in  Figure  9.5. 

9.2.3.   Deformation 
Although  maximum  deflection  is  not  very  frequently  used  as  a 
distress  mode  it  was  used  in  this  study  to  determine  the  structural 
layer  equivalencies.   The  relationships  correlated  maximum  deflection 
with  the  structural  number  and  EAL  for  a  reduction  of  1.5  or  2.0  in  the 
psi.   These  relationships  were  obtained  from  a  study  done  on  an  AASHTO 
satellite  project  in  Pennsylvania  (72).   They  are  summarized  in  Table 
9.3. 

9.3.   Selection  of  the  Pavement  Cross  Sections 
The  Dynaflect  deflections  taken  during  and  after  construction  were 
used  to  select  uniform  sections.   Each  of  the  lanes  were  divided  into 
sections  with  approximate  equal  deflections  at  each  of  the  five  sensors. 
This  was  done  for  the  three  sets  of  deflection  readings,  one  during  and 
two  after  construction  (DURING,  AFTER1  and  AFTER2)  on  the  eastbound 
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Table  9.3.   Failure  Relationships  Based  on  Strains  or  Deformations 


Desig- 
nation 


Relationship 


Ref,   Description 


A.  Tensile  strain  at  the  bottom  of  the  recycled  layer  (e  „) 

B.  Tensile  strain  at  the  bottom  of  the  remaining  initial  layer 

r3 

C.  Compressive  strain  on  the  subgrade  (e  ) 


log  £  =  -1.9765  -  0.2008  log(N-) 
log  N£  =  2.05076  -  597.662  (e  ) 

Of  v 

-1.32967    (log  ev) 

-2  -0    25 

£      =   2.8   x   10   *    (N)    V'AD 

£     =   14.81  +  14805. 05(SN  +  1) 


76     For  AASHTO 

materials 
51     Regression  on 

AASHTO  Road 

Test  results 
51     Used  by  Shell 

in  their  design 
74     From  analysis 

of  AASHTO 

satellite 

test  road 


Deformation  of  the  subgrade  (6  ) 

m     n  nno  -3.39  In  6 
Nf  =  0.098e         s 


34     From  results 

of  an  analysis 
on  Loop  4  of 
the  AASHTO 
Road  Test 


Maximum  deformation  at  the  surface  (6  ) 

m 

log  RR  -  -6.866  +  4.325  log(5  )  56 

m 


6  =  0.85  +  1287.30(SN  +  1)  74 

m 


From  AASHTO 

Road  Test 

results 

From  analysis 

of  AASHTO 

satellite 

test  road 


Nf  =  number  of  load  applications  to  failure, 

£  =  subgrade  compressive  strain  (maximum). 

SN  =  structural  number. 
RR  =  rate  of  rutting. 
6  =  surface  deflection. 


6  =  subgrade  deformation  (vertical) 
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lane  and  two  sets  of  readings,  both  after  construction  (AFTER1  and 
AFTER2)  on  the  westbound  lane.   From  each  of  these  five  sets  of  readings 
five  sections  were  chosen  to  represent  the  two  sections  with  the 
highest  deflections,  the  two  with  the  lowest  deflections  and  the 
average  deflections.   The  values  are  given  in  Table  9.4  for  the  east- 
bound  and  Table  9.5  for  the  westbound  lanes.   As  expected  the  section 
with  the  lowest  deflections  during  construction  also  gave  the  lowest 
deflections  during  the  measurements  taken  after  construction.   This 
was  also  the  case  for  the  other  sections. 

These  25  different  cross  sections  were  simulated  by  pavement  cross 
sections  that  would  give  the  same  deflections  (deflection  basin)  at  the 
five  sensors  when  analyzed  by  the  BISTRO  elastic  layer  program.   A 
load  of  9000  lb  (40  kN)  applied  through  two  wheels  at  a  pressure  of 
80  psi  (550  Pa)  each  and  spaced  13  inches  (330  mm)  apart  was  used  in  the 
program.   It  is  the  same  as  the  standard  load  used  during  the  Benkelman 
Beam  deflection  measurements.   No  information  besides  the  results  from 
the  laboratory  compacted  cores  was  available  regarding  the  properties 
of  the  recycled  layer  material  or  the  asphalt  concrete  surface  material 
for  the  deflections  taken  during  (DURING)  or  soon  after  (AFTER1)  con- 
struction.  The  laboratory  testing  on  the  cores  was  conducted 
approximately  two  to  three  months  after  construction  and  therefore  the 
information  obtained  from  the  tests  could  not  be  used  to  characterize 
the  foamed  asphalt  recycled  and  asphalt  surface  material  during  and 
soon  after  construction.   Iterations  had  to  be  made  to  select  the 
correct  characteristics.   The  BISTRO  program  assumes  constant  elastic 
moduli  (E)  for  each  of  the  layers.   Since  the  granular  subbase  and 


216 


Table  9.4.   Characteristics  of  Selected  Pavement  Sections  (Eastbound) 


Dl 

D2 

D3 

D4 

D5 

SCI 

Slope 

BCI 

SPD  (%) 

in  Mils  (f 

rom  Dynaflect 

> 

) 

DURING 

highl 

3.02 

1.81 

.56 

.26 

.13 

1.21 

2.89 

.13 

38.28 

high2 

2.82 

1.90 

.73 

.35 

.16 

.92 

2.66 

.19 

42.27 

lowl 

1.47 

1.03 

.49 

.30 

.18 

.44 

1.29 

.12 

47.21 

low2 

1.51 

1.07 

.51 

.30 

.17 

.44 

1.34 

.13 

47.15 

ave 

2.10 

1.46 

.66 

.36 

.20 

.64 

1.90 

.16 

45.52 

AFTER1 

highl 

2.16 

1.27 

.63 

.36 

.21 

.89 

1.95 

.15 

42.87 

high2 

2.41 

1.54 

.85 

.52 

.25 

.87 

2.16 

.27 

46.22 

lowl 

1.19 

.80 

.51 

.36 

.22 

.39 

.97 

.14 

51.76 

low2 

1.29 

.84 

.49 

.34 

.21 

.45 

1.08 

.13 

49.15 

ave 

1.79 

1.16 

.66 

.44 

.26 

.63 

1.53 

.18 

48.16 

AFTER2 

highl 

2.57 

1.58 

.73 

.34 

.18 

.99 

2.39 

.16 

42.02 

high2 

3.43 

2.37 

1.28 

.61 

.29 

1.06 

3.14 

.32 

46.53 

lowl 

1.36 

.97 

.58 

.35 

.22 

.39 

1.14 

.13 

51.18 

low2 

1.58 

1.12 

.64 

.37 

.23 

.46 

1.35 

.14 

49.87 

ave 

2.13 

1.51 

.86 

.47 

.27 

.62 

1.86 

.20 

49.20 

D  to  D,.  =  deflections  of  Dynaflect  sensors  1  to  5  respectively. 
SCI  =  surface  curvature  index. 
BCI  =  base  curvature  index. 
SPD  =  spreadability. 
1  inch  =  25.4  mm. 
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Table  9.5.   Characteristics  of  Selected  Pavement  Sections  (Westbound) 


Dn     D0    D0    D,     Dc    SCI    Slope    BCI    SPD  (%) 
12     3     4     5 


in  Mils 


AFTER1 

highl 

2.79 

1.72 

.88 

high  2 

2.99 

1.99 

1.15 

lowl 

1.11 

.75 

.45 

low2 

1.37 

.91 

.55 

ave 

2.06 

1.31 

.74 

AFTER2 

highl 

3.53 

2.44 

1.30 

high2 

3.36 

2.38 

1.40 

lowl 

1.17 

.82 

.48 

low2 

1.62 

1.14 

.66 

ave 

2. 40 

1.65 

.91 

.50 

.23 

1.07 

2.56 

.27 

43.87 

.73 

.37 

1.00 

2.62 

.36 

48.36 

.32 

.20 

.36 

.91 

.12 

50.99 

.37 

.21 

.46 

1.16 

.16 

49.78 

.47 

.26 

.75 

1.80 

.21 

46.99 

.64  .32  1.09  3.21  .32  46.63 

.82  .49  .98  2.87  .33  50.30 

.31  .23  .35  .94  .08  51.45 

.38  .22  .48  1.40  .16  49.63 

.50  .29  .75  2.11  .21  47.92 


D,  to  D,.  =  deflections  of  Dynaflect  sensors  1  to  5  respectively. 
SCI  =  service  curvature  index 


BCI  =  base  curvature  index 
SPD  =  spreadability 
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sandy  silt  subgrade  layers  are  stress-sensitive,  iterations  were  made 
to  obtain  the  correct  moduli  values  for  each  of  these  layers.   The 
following  procedure  was  followed  (Figure  9.6): 

1.  Molds  were  prepared  plotting  each  of  the  25  selected  deflection 
basins  on  transparent  paper, 

2.  The  thicknesses  of  the  asphalt  concrete  surface  (h, ) ,  the 
foamed  asphalt  recycled  layer  (h„),  the  layer  of  initial 
pavement  that  remained  between  the  recycled  layer  and  the 
granular  layer  (h„)  and  the  granular  layer  (h.)  were  obtained 
from  the  results  of  the  tests  conducted  prior  and  during 
construction.   Poisson's  ratio  values  of  0.35  for  the  asphalt 
layers,  0.40  for  the  granular  layer  and  0.50  for  the  subgrade 
were  arbitrarily  selected  to  represent  the  material.   Although 
Poisson's  ratios  of  0.40  are  also  widely  used  for  asphalt 
layers  a  lower  value  gives  higher  stresses  and  strains  and 
therefore  more  conservative  values.   Table  9.6  summarizes  the 
thicknesses  and  Poisson  ratios  used. 

A  large  number  of  deflection  basins  were  obtained  by  using  the 
BISTRO  program  for  low,  intermediate  and  high  values  of  the 
elastic  moduli  of  the  different  layers.   Examples  are  displayed 
in  Figure  9.7  as  well  as  Figure  8.13.   All  the  deflections 
were  divided  by  20.63  to  be  compatible  with  the  Dynaflect 
values  (80,18). 

3.  Cross  sections  with  specific  moduli  were  then  selected  by 
comparing  the  actual  deflection  basins  (on  the  transparent 
paper)  with  the  developed  deflection  basins.   The  subgrade 
modulus  could  be  (uniquely)  identified  by  these  deflection 


219 


DURING 
(SEPT  81) 


AFTER  1 
(SEPT  81) 


AFTER 2 
(MAY  82) 


EAST- 
BOUND 
LANE 


T 


EAST- 
BOUND 
LANE 


WEST- 
BOUND 
LANE 


EAST- 
BOUND 
LANE 


WEST- 
BOUND 
LANE 


■^ 


SELECTION  OF  SECTIONS  WITH  UNIFORM  DEFLECTIONS 
-  10  TO  12  SECTIONS  FOR  EACH 


SELECTION  OF  THE  AVERAGE,  2  SECTIONS  WITH  THE 
LOWEST  AND  2  WITH  THE  HIGHEST  DEFLECTIONS  FOR 
EACH.  TOTAL  OF  25. 


FOR  EACH  OF  THE  25  SECTIONS 


SELECTION  OF  THE  CROSS  SECTIONS  THAT  GAVE  THE 
SAME  DYNAFLECT  SURFACE  DEFLECTIONS  AS  CALCULA- 
TED BY  THE  BISTRO  PROGRAM. 

CALCULATION  OF  STRAINS  AND  DEFORMATIONS  IN  THE 
FINAL  PAVEMENT  SYSTEMS. 


T 


RECYCLED  LAYER  REPLACED  WITH  AN  AASHO  ASPHALT 
CONCRETE  WITH  THE  ELASTIC  MODULI  ADJUSTED  FOR 
TEMPERATURE.  STRAINS/DEFOMATIONS  CALCULATED. 


LOAD  REPITITION 
RELATIONSHIPS 


AASHO  THICKNESS  SELECTED 
TO  GIVE  THE  SAME 
STRAIN/DEFORMATION  AS  THE 
RECYCLED  LAYER  (Hi) 


I 


AASHO  THICKNESS  SELECTED 
TO  GIVE  THE  SAME 
FATIGUE  LIFE  AS  THE 
RECYCLED  LAYER  (HP ) 


CALCULATION  OF  COEFFICIENTS 
A=AZ*  Ha /Hi       OR  A'=AZ*  \-\e /\jt 

WHERE  A,=0. 44  AND  Hi =5- 5INCHES 


1  INCH  =  25.4  MP 

FIGURE  9.6  FLOW  DIAGRAM  OF  THE  STRUCTURAL 
COEFFICIENT  DETERMINATION  PROCEDURE 
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FIGURE  9.7  EFFECT  OF  CHANGES  IN  THE  LAYER 
ELASTIC  MODULI  ON  THE  DYNAFLECT 
DEFLECTION  BASIN 
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basins,  since  they  are  essentially  insensitive  to  changes  in 
elastic  moduli  and  thicknesses  of  the  overlaying  layers  for 
the  combinations  tested  (Figure  9.7).   None  of  the  deflections 
at  the  sensors  or  any  combination  thereof  is  a  unique 
identifier  of  the  moduli  of  the  layers  overlaying  the  subgrade. 
Since  the  granular  material  is  stress  sensitive  the  BISTRO 
program  was  used  to  calculate  the  bulk  stress  (6)  in  the 
middle  of  the  granular  layer.   No  relationships  between  the 
bulk  stress  and  the  Mr  is  available  for  granular  material  in 
Indiana  and  therefore  a  relationship  was  selected  from  the 
literature  (76,55,26,36,43,67). 
The  relationship  used  was: 

M  =  5000  e0,4  (9.3) 

where 

M^  =  resilient  modulus  (psi) 

6  =  O     +  Oj  +  a„   =   bulk  stress  (psi) 

The  bulk  stress  at  the  center  of  the  granular  layer  is  greatly  influenced 
by  the  elastic  modulus  of  the  subgrade.   It  is  only  slightly  influenced 
by  small  changes  in  the  elastic  modulus  and  thickness  of  the  asphalt 
layers  overlaying  the  granular  layer.   The  bulk  stress  is  not  influenced 
to  a  great  extent  by  the  small  changes  in  thickness  of  the  granular 
layer,  but  by  changes  in  the  Poisson's  ratio.   The  elastic  modulus  or 
Mj,  was  calculated  at  the  center  of  the  granular  layer  through  iterations. 
This  left  the  elastic  moduli  of  the  remaining  initial  pavement  layer, 
the  foamed  asphalt  recycled  layer  and  the  asphalt  surface  layer  un- 
determined.  Although  the  M~  of  the  initial  pavement  asphalt  layer  was 
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determined  it  could  not  be  used  since  it  was  not  known  to  what  extent 
the  remaining  approximately  one  inch  was  disturbed  during  the  milling 
operation.   The  elastic  modulus  was  arbitrarily  taken  to  be  between 
10,000  psi  (70  kPa)  and  50,000  psi  (345  kPa) .   The  layer  is  thin  and 
has  only  a  small  influence  on  the  deflections  and  the  bulk  stress  in 
the  granular  layer.   The  elastic  moduli  of  the  granular  layer  determined 
from  the  deflections  taken  during  construction  on  the  recycled  layer 
on  the  eastbound  lane  were  used  in  the  BISTRO  program  to  determine  the 
elastic  moduli  of  the  foamed  asphalt  layer  that  gave  the  appropriate 
deflections.   These  moduli  were  used  in  the  analysis  of  the  deflections 
taken  soon  after  construction  to  determine  the  moduli  of  the  asphalt 
surface  layer. 

The  BISTRO  program  calculated  in  the  most  cases  deflections  well 
above  those  measured  in  the  field  with  the  same  shape  of  deflection 
basin  (43).   The  deflections  calculated  by  the  BISTRO  program  can  be 
reduced  with  a  constant  by  placing  a  stiff  layer  at  some  depth  in  the 
hypothetical  pavement  (Figure  9.8).   This  is  theoretically  sound  since 
the  subgrade  is  stress-sensitive  with  the  elastic  modulus  increasing 
in  depth,  while  the  BISTRO  program  assumes  it  to  be  constant.   The 
elastic  modulus  calculated  under  the  pavement  layer  combinations  in- 
vestigated was  approximately  1,000,000  psi  (6.9  MPa)  at  350  inches 
(890  mm).   Since  a  relationship  between  the  deviator  stress  (a  )  and 
the  M^  of  the  subgrade  was  not  available  for  sandy  silt  in  the  study, 
a  relationship  of: 

-1.1  (9.4) 


M^  =  27,000  ad 
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FIGURE  9.8  EFFECT  OF  THE  INCLUSION  OF  A  STIFF 
SUBGRADE  LAYER  AT  A  DEPTH  OF  350  INCHES  ON 
THE  DYNAFLECT  DEFLECTION  BASIN 
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where 

M  =  resilient  modulus  (psi) 
R 

o ,   =  o^  -  o^    =  deviator  stress  (psi) 
d    j    1 

was  selected  from  the  literature  (76,55,26,67,36,43). 

The  magnitude  of  the  constant  by  which  the  deflection  basin  is 
shifted  with  the  introduction  of  a  stiff  subgrade  layer  at  some  depth 
depends  mainly  on  the  elastic  modulus  at  the  top  of  the  subgrade  and 
the  depth  of  the  stiff  layer.   The  subgrade  was  therefore  divided  into 
a  soft  top  layer  and  a  stiff  bottom  layer  at  an  arbitrarily  depth  of 
350  inches  (890  mm).   In  cases  where  it  was  necessary  another  layer  was 
placed  at  some  depth  above  the  stiff  layer  with  an  appropriate  elastic 
modulus.   The  elastic  moduli  at  the  depth  were  also  determined  through 
iterations.   Although  the  magnitude  of  these  layers  had  little  effect 
on  the  deflections  they  can  have  an  effect  on  the  stresses  and  strains. 

The  pavement  sections  selected  from  the  deflections  taken  eight 
months  after  construction  (AFTER2)  were  simulated  in  a  similar  way 
except  that  E-values  for  the  asphalt  surface  and  foamed  asphalt  recycled 
material  were  obtained  from  core  specimens.   The  cores  were  taken  at 
the  same  time  the  deflections  were  measured. 

9.4.   Sensitivity  Analysis 
The  pavement  cross  sections  selected  and  used  in  the  determination 
of  the  equivalency  factors  and  summarized  in  Tables  9.7  and  9.8  are  by 
no  means  exactly  the  same  as  those  in  the  actual  pavement  but  they  give 
deflections  within  10  percent  of  the  deflections  as  measured  by  each  of 
the  Dynaflect  sensors.   A  sensitivity  analysis  was  conducted  on  one  of 
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the  cross  sections  to  investigate  the  effect  of  changes  in  the  elastic 
moduli  and  thicknesses  on  strains  and  deformations.   The  selected  cross 
section  represented  the  average  of  the  eastbound  lane  soon  after  con- 
struction (AFTER1) .   Table  9,9  exhibits  the  changes  in  the  strains  and 
deformations  that  were  used  in  this  study  to  determine  structural 
coefficients  with  changes  in  the  elastic  moduli  and  thicknesses  of  the 
layers.   The  only  changes  that  had  an  influence  of  more  than  10  percent 
on  the  strain  and  deflection  values  were  changes  in  the  elastic  moduli 
of  the  first  five  layers  for  the  ranges  analyzed.   The  ranges  coincide 
with  the  upper  and  lower  limits  arbitrarily  chosen  for  the  first  and 
third  layer  elastic  moduli  and  20  percent  for  the  other  layers.   An 
accuracy  of  20  percent  was  considered  to  have  been  easily  obtained 
during  the  selection  process.   All  the  thicknesses  except  for  h,  were 
further  considered  to  have  been  determined  through  testing  and  were 
therefore  fixed.   The  elastic  modulus  of  the  subgrade  (E_)  is  the  most 
important  single  parameter.   For  a  change  of  plus  or  minus  10  percent 
in  Ej.  the  strains  and  deflections  were  within  10  percent  of  the  average 
value.   An  accuracy  of  at  least  10  percent  was  secured  during  the 
selection  of  the  subgrade  elastic  moduli,  since  the  deflections  of 
sensors  3,  4  and  5  of  the  Dynaflect  can  be  used  and  the  subgrade  moduli 
therefore  uniquely  be  identified.  The  elastic  moduli  of  the  foamed 
asphalt  recycled  layer  (E„)  were  within  20  percent  of  the  correct  value 
and  had  a  large  effect  on  only  the  radial  strain  below  the  surface 
layer.   This  is  not  important  in  this  analysis  since  these  strains  were 
only  used  to  determine  if  the  fatigue  life  of  the  surface  is  more  than 
that  of  the  recycled  layer.   Changes  in  the  elastic  moduli  of  the 
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Tabl 

e  9.9.   Sensitivity  Ana] 

■ys 

is 

Condition 

Percent 

Change 

in 

1 

2 

3 

4 

5 

6 

Upper  limit 

250000 

-1 

+48 

-1 

-2 

-2 

-2 

El 

Reference 

180000 

0 
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0 

0 

0 

0 

Lower  limit 

120000 

+2 

-32 

0 

+2 

+3 

+3 

+20% 

48000 

-2 

-40 

-2 

-4 

-4 

-2 

E2 

Reference 

40000 

0 

0 

0 

0 

0 

0 

-20% 

32000 

+4 

+64 

+1 

+4 

+6 

+1 

Upper  limit 

50000 

-3 

-  3 

-17 

-8 

-3 

-1 

E3 

Reference 

30000 

0 

0 

0 

0 

0 

0 

Lower  limit 

10000 

+4 

+  3 

+29 

-1 

+3 

+2 

+20% 

12000 

-2 

0 

-6 

-7 

0 

-1 

E4 
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10000 

0 

0 

0 

0 

0 

0 

-20% 

8000 

+3 

0 

+7 

+8 

0 

+1 

+20% 

7080 

-11 

+  7 

-3 

-3 

-11 

-13 

E5 

Reference 

5900 

0 

0 

0 

0 

0 

0 

-20% 

4720 

+14 

-  9 

+4 

+4 

+13 

+17 

Reference  *2 

2.8  x  10" 

■6 
-6 
-6 

No 

Change 

E6 

Reference 

1.4  x  10 

0 

0 

0 

0 

0 

0 

Reference/2 

0.7  x  10 

No 

Change 

Reference  *2 

2.0  x  10" 

-6 
■6 
•6 

No 

Change 

E7 

Reference 
Reference/2 

1.0  x  10 
0.5  x  10" 

0 

0 

0 

No 

0 
Change 

0 

0 

+20% 

265 

+1 

0 

0 

0 

0 

0 

h5 

Reference 

220 

0 

0 

0 

0 

0 

0 

-20% 

175 

-2 

+  1 

0 

0 

0 

-3 

1  =  maximum  surface  deflection 

2  =  strain  at  the  bottom  of  the  surface  layer 

3  =  strain  at  the  bottom  of  the  foamed  asphalt  recycled  layer 

4  =  strain  at  the  bottom  of  the  remaining  initial  pavement  layer 

5  =  maximum  compressive  strain  on  the  subgrade 

6  =  maximum  subgrade  deflection 

All  elastic  moduli(E)  in  psi 

h  in  inches 

1  psi  =6.9  kPa 

1  inch  =  25.4  mm 
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surface  layer  (E1 )  and  the  remaining  initial  pavement  layer  (E„)  induced 
large  changes  in  the  strain  at  the  bottom  of  the  surface  layer  and  the 
recycled  layer  respectively.   The  strain  at  the  bottom  of  the  surface 
layer  was  not  important  as  explained  earlier.   The  changes  in  the 
tensile  strain  at  the  bottom  of  the  recycled  layer  due  to  changes  in 
the  elastic  moduli  of  the  remaining  initial  layer  (E_)  were  important 
and  had  to  be  taken  into  consideration  in  comparing  the  structural  co- 
efficients.  The  value  of  E~  did  not  influence  the  determination  of 
the  structural  equivalency  factors  since  the  corresponding  pavement 
with  the  AASHTO  layer  had  the  same  E  value0   The  ratio  of  strains  re- 
mained approximately  the  same. 

9.5.   Determination  of  AASHTO  Asphalt  Concrete 
Surface  Equivalent  Thicknesses 

Different  elastic  moduli  (E)  for  the  AASHTO  asphalt  concrete  surface 
were  used  depending  upon  the  pavement  temperature  during  deflection 
measurement.   Moduli  of  400,000  psi  (2760  MPa),  350,000  psi  (2415  MPa) , 
300,000  psi  (2070  MPa)  and  200,000  psi  (1380  MPa)  were  selected  for 
temperatures  of  72°F,  77°F,  80°F  and  85°F  respectively.   These  elastic 
moduli  were  interpolated  from  values  determined  for  the  AASHTO  Road 
Test  surface  material  for  the  four  seasons  of  the  year,  each  at  a 
different  temperature  (33)  as  well  as  a  temperature-elastic  modulus 
relationship  developed  from  laboratory  tests  on  a  similar  mixture  (35). 

The  AASHTO  layer  was  used  in  each  of  the  25  selected  cross  sections 
in  the  place  of  the  foamed  asphalt  recycled  layer  to  calculate  strains 
and  deformations  for  various  thicknesses.   With  the  BISTRO  program 
increments  of  one  inch  in  the  AASHTO  layer  were  used.   The  resilient 
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moduli  of  the  granular  material  were  also  adjusted  through  an  iteration 
process.   Care  was  taken  to  cover  a  wide  enough  range  of  strains  and 
deflections  to  avoid  unnecessary  extrapolation.   Strains  were  calculated 
under  one  of  the  wheels. 

9.6.   Determination  of  Equivalency  Factors 
The  concept  that  the  pavement  fails  due  to  functional  rather  than 
structural  failure  is  used  in  the  AASHTO  design  method „   The  functional 
failure  is  measured  in  terms  of  roughness,  excessive  deformation  (rutting) 
and  cracking.   As  mentioned  in  Chapter  2,  the  number  of  axle  loads  to 
reach  a  certain  point  of  serviceability,  defined  as  the  Present  Service- 
ability Index  (PSI),  was  related  to  the,  among  other  things,  strength  of 
the  pavement,  defined  by  the  structural  number  (SN) .   For  a  given  type 
of  loading  and  serviceability  at  the  end  of  a  specific  time  the  performance 
(N  )  is  influenced  solely  by  the  structural  number. 

Nf  =  f(SN)  (9.5) 

where     SN  =  a  A  +  aA  +  Ah 

h_,h„,h  =  layer  thickness 

a1,a„,a  =  layer  structural  coefficients  of  the  surface,  base 
and  subbase. 
Pavements  with  the  same  structural  number  in  the  same  region  and  load 
conditions  will  have  the  same  performance.   The  foamed  asphalt  recycled 
pavement  that  has  the  same  structural  number  as  an  AASHTO  Test  Road  pave- 
ment will  have  the  same  performance  (number  of  load  repetitions  to 
failure).   Either  the  number  of  axle  loads  (repetitions)  or  the 
structural  number  can  be  used  as  a  measure  of  performance. 
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In  this  study  the  pavement  with  the  foamed  asphalt  recycled  base 
course  layer  was  compared  to  a  similar  pavement  with  an  AASHTO  surface 
layer  in  the  place  of  the  recycled  layer.   For  similar  SN-values  or 
number  of  load  repetitions: 

SN  -  SN' 


where 


SN  =  structural  number  of  the  pavement  section  with  the 

AASHTO  layer. 
SN'  =  structural  number  of  the  pavement  with  the  foamed  asphalt 

layer. 

alhl  +  a2h2  +  a3h3  =  alhl  +  a2h2  +  a3h3 
but  a..h  =  a!h' 
and  a~h  -  a'h' 

Although  the  resilient  moduli  of  the  granular  material  were  not  the 
same  for  the  sections  with  the  AASHTO  layer  and  those  with  the  recycled 
layer,  Witczak  and  Rada  (55)  concluded  that  the  coefficient  a_  is  a 
function  of  the  subgrade  CBR,  the  compaction  method  and  moisture  content 
of  the  subbase.   The  values  a'  would  therefore  be  equal  to  a_  since  the 
subgrade  moduli  are  the  same.   Even  if  the  relationships  given  in  NCHRP 
No.  128  (69),  which  are  based  on  the  resilient  modulus  of  the  subbase, 
were  used  the  influence  would  be  small  enough  to  be  negligible  in  view 
of  all  the  other  assumptions  that  were  made.   Therefore: 


a2h2   a2h2 
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42   ~2"2'  "2 

with  a„  fixed  at  0.44  and  D'  at  5.5  inches  (140mm) 

tu  =  thickness  of  the  AASHTO  layer  that  would  give  the  same 

strains,  deflections  or  load  repetitions  as  the  recycled 
layer, 
al  =  structural  coefficient  of  the  foamed  asphalt  recycled 
layer. 
Equivalency  factors  or  coefficients  can  be  determined  using  various 
criteria.   A  number  of  different  criteria  were  used  in  this  study  to 
determine  the  equivalencies. 

9.6.1.   Tensile  Strain  at  the  Bottom  of  the  Recycled  Layer 
This  criterion  of  comparing  the  strengths  of  different  layers  has 
been  used  in  the  past  by  researchers  (35,33,66).   The  strains  are  a 
function  of  only  the  elastic  moduli  of  the  AASHTO  and  foamed  asphalt 
material.   Although  the  stiffness,  measured  by  the  elastic  modulus,  is 
a  very  good  indicator  of  the  strength  of  the  layer,  it  is  not  directly 
related  to  performance  in  terms  of  the  structural  number  or  number  of 
load  repetitions.   This  is  therefore  not  a  satisfactory  method  of 
determining  structural  equivalencies  unless  the  materials  have  the  same 
fatigue  characteristics. 

The  thicknesses  of  the  pavements  with  the  AASHTO  layer  in  them  could 
not  be  compared  to  the  corresponding  foamed  asphalt  pavement  sections 
without  the  surface  layer.   The  strains  in  the  recycled  layer  could  not 
be  uniquely  assigned  to  a  thickness  of  the  AASHTO  layer,  since  they 
fluctuated  with  different  thicknesses  with  a  thin  AASHTO  layer. 
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A  minimum  value  of  0,05,  corresponding  to  the  lowest  value  given 
for  any  type  of  material  in  NCHRP  No.  128  (69),  was  used  in  this  study. 
Values  of  less  than  0.05  were  considered  to  have  been  too  low  for  the 
recycled  material  and  the  method  used  to  calculate  them  incorrect. 

9.6.2.   Tensile  Strain  at  the  Bottom  of  the  Remaining 
Initial  Pavement  Layer 

The  tensile  strains  in  the  asphalt  layers  are  a  maximum  at  the  bottom 
of  the  remaining  initial  pavement  layer.   If  all  the  asphalt  layers  had 
the  same  fatigue  life,  this  layer  would  fail  first.   Since  the  remaining 
initial  pavement  layer  is  the  same  in  both  the  pavement  with  the  re- 
cycled layer  and  the  pavement  with  the  AASHTO  layer,  the  same  tensile 
strains  will  give  the  same  fatigue  life  and  thus  SN.   The  strains  can 
therefore  be  used  to  determine  the  equivalency  factors. 

9.6.3.   Compressive  Strain  on  Top  of  the  Subgrade  (c  ) 
Wang  (72)  has  shown  that  e  is  a  function  of  the  structural  number 
for  spring  conditions.   The  maximum  compressive  strain  on  the  subgrade 
has  also  been  widely  used  to  predict  the  number  of  load  repetitions 
until  the  rut  depth  is  above  the  allowable.   Since  the  subgrades  in  the 
pavements  with  the  AASHTO  sections  were  the  same  as  those  in  the  actual 
pavement  sections,  the  compressive  strains  on  top  of  the  subgrade  could 
have  been  used  directly  to  compare  the  pavement  layers. 

9. 6. A.   Maximum  Deformation  of  the  Subgrade 
The  maximum  subgrade  deformation  has  been  used  to  predict  the  service 
life  of  a  pavement  (33).   The  maximum  subgrade  deformation  can  therefore 
also  be  used  to  calculate  structural  coefficients. 
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9.6,5.   Maximum  Surfa.ce  Deflections 
The  rate  of  rutting  is  a  function  of  the  maximum  deflection  and  the 
number  of  .18,000  lb.  (80  kN)  axle  load  applications  (20).   For  the  same 
rate  of  rutting  the  maximum  surface  deflection  must  be  the  same  if  the 
number  of  load  applications  is  the  same.   Wang  (72)  also  correlated  the 
maximum  surface  deflection  with  the  structural  number  for  spring  condi- 
tions.  The  maximum  surface  deflection  can  thus  be  used  to  compare  the 
performance  of  pavements. 

9.6.6.   Fatigue  Life  of  the  Asphalt  Layers 
The  service  or  fatigue  life  of  the  asphalt  layers  can  best  be  pre- 
dicted by  using  cycles-to-failure/tensile  strain  relationships.   The 
relationships  used  in  this  study  were  described  earlier.   Due  to  the 
large  differences  among  the  relationships,  eight  different  combinations 
were  used  for  each  pavement  cross  section. 

They  were  denoted  XI,  X2,  X3,  X4,  Yl,  Y2,  Y3,  Y4  where  the  first 
symbol  stands  for  the  AASHO  material  relationship  (in  Table  9.1)  and  the 
second  symbol  for  the  recycled  material  fatigue  relationship  (Table  9.2). 
Coefficients  of  less  than  0.05  and  more  than  0.44  were  considered  to  fall 
outside  the  range  of  structural  coefficients  of  the  foamed  asphalt  re- 
cycled material  and  a  result  of  the  wrong  fatigue  relationships.   The 
fatigue  relationships  were  arbitrarily   chosen  from  relationships 
developed  for  different  materials.   The  coefficients  could  not  be 
determined  for  the  case  where  the  asphalt  concrete  surface  had  not  been 
placed  on  the  recycled  layer  (during  construction)  for  the  same  reason 
the  coefficients  could  not  be  determined  from  the  tensile  strains  at  the 
bottom  of  the  top  asphalt  layer  viz.  fluctuation  of  the  strains  with 
different  AASHTO  layer  thicknesses. 
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Only  three  of  the  eight  combinations  of  fatigue  characteristics  of 
the  AASHO  material  and  foamed  asphalt  recycled  material  gave  coefficients 
within  the  specified  rail)',*-'  'n  all  the  cases.   Tf  a  low  structural  co- 
efficient value  of  0.05  is  assumed  for  the  cases  where  the  coefficients 
could  not  be  calculated  another  two  combinations  can  be  used. 

9.6.7.   Results 

The  results  are  summarized  in  Tables  9.10  and  9.11  for  the  co- 
efficients based  on  strains  and  deformations  and  those  based  on  the 
fatigue  life  of  the  recycled  layer  respectively.   Figures  9.9  and  9.10 
display  how  the  structural  coefficients  changed  for  the  low,  average  and 
high  deflection  sections.   The  low  is  the  average  of  the  sections  with 
the  low  deflections  (stiff  pavement)  on  both  lanes  at  a  particular  time 
after  construction.   The  high  and  average  values  were  calculated  in  a 
similar  manner. 

Figures  9.11  to  9.13  depict  the  influence  of  the  increase  in  time 
after  construction  on  the  structural  coefficients  for  the  low,  average 
and  high  deflection  cases,  respectively,  based  on  strains  and  deformations, 
Figures  9.14  to  9.16  show  the  influence  of  the  increase  in  time  after 
construction  on  the  structural  coefficients  based  on  the  fatigue  life  of 
the  foamed  asphalt  recycled  layer. 

The  tables  and  figures  show  that  the  structural  coefficients  can 
have  virtually  any  value  between  0.05  and  0.45,  depending  on  which 
criterion  is  used.   The  average  values  vary  between  0.10  and  0.40.   There 
is  a  slight  increase  in  general  in  the  structural  coefficients  between 
the  during  construction  case  (DURING)  and  twelve  days  thereafter  (AFTER2) . 
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Table  9.10.  Summary  of  Coefficients  Based  on  Strains  and  Deformations 


Criteria  Low  Average  High 

e   (A)      1  0.23  0.05  <0.05 

2  0.23  0.05  <0.05 

3  0.30  0.23  0.08 

E   (B)      1  0.25  0.19            0.13 

2  0.26  0.17  0.11 

3  0.33  0.26  0.12 

£   (C)       1  0.27  0.22            0.18 

V          2  0.31  0.23            0.19 


s 


0.23 

0.05 

0.23 

0.05 

0.30 

0.23 

0.25 

0.19 

0.26 

0.17 

0.33 

0.26 

0.27 

0.22 

0.31 

0.23 

0.34 

0.32 

0.30 

0.24 

0.34 

0.28 

0.38 

0.34 

0.30 

0.25 

0.33 

0.27 

0.38 

0.33 

3  0.34  0.32  0.22 

1  0.30  0.24  0.19 

2  0.34  0.28  0.25 

3  0.38  0.34  0.28 


6   (E)       1  0.30  0.25  0.18 

m  2  0.33  0.27  0.22 

3  0.38  0.33  0.25 


1.  DURING  -  eastbound  lane 

2.  AFTER1  -  both  lanes 

3.  AFTER2  -  both  lanes 

For  explanation  of  criteria  see  Figure  9.1 
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Table  9.11.  Summary  of  Coefficients  Based  on  Fatigue 

Fatigue  Life  Combination  Low        Average        High 

XI       1 
2 

XI       1 
2 

Yl       1 
2 

Y3       1 
2 

Y4       1 
2 

*Less  than  0.05 

1.  AFTER1  -  both  lanes 

2.  AFTER2  -  both  lanes 

For  fatigue-life  combination  explanation  see  Tables  9.1  and  9  .2 
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FIGURE  9.9  EFFECT  OF  LAYER  STIFFNESS  ON 
THE  STRUCTURAL  COEFFICIENTS 
(BASED  ON  STRAINS  AND  DEFORMATIONS) 
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FIGURE  9. 1  0  EFFECT  OF  LAYER  STIFFNESS 
ON  THE  STRUCTURAL  COEFFICIENTS 
(BASED  ON  FATIGUE) 
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FIGURE  3. 1  I     EFFECT  OF  TIME  AFTER 

CONSTRUCTION  ON  THE  STRUCTURAL 

COEFFICIENTS  FOR  LOW  DEFLECTIONS 

(BASED  ON  DEFORMATIONS  AND  STRAINS) 
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FIGURE    9. 1  2  EFFECT  OF  TIME  AFTER 
CONSTRUCTION  ON  THE  STRUCTURAL 
COEFFICIENTS  FOR  AVERAGE  DEFLECTIONS 
(BASED  ON  DEFORMATIONS  AND  STRAINS) 
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FIGURE  9. 1  3  EFFECT  OF  TIME  AFTER 
CONSTRUCTION  ON  THE  STRUCTURAL 
COEFFICIENTS  FOR  HIGH  DEFLECTIONS 
(BASED  ON  DEFORMATIONS  AND  STRAINS) 
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FIGURE  9. 1  4  EFFECT  OF  TIME  AFTER 
CONSTRUCTION  ON  THE  STRUCTURAL 
COEFFICIENTS  FOR  LOW  DEFLECTIONS 
(BASED  ON  FATIGUE) 


253 


FIGURE  9. 1  5  EFFECT  OF  TIME  AFTER 
CONSTRUCTION  ON  THE  STRUCTURAL 
COEFFICIENTS  FOR  AVERAGE  DEFLECTIONS 
(BASED  ON  FATIGUE) 
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FIGURE  9. 1  6  EFFECT  OF  TIME  AFTER 
CONSTRUCTION  ON  THE  STRUCTURAL 
COEFFICIENTS  FOR  HIGH  DEFLECTIONS 
(BASED  ON  FATIGUE) 
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The  structural  coefficients  increased  further  during  the  next  eight 
months.   It  was  not  possible  from  this  study  to  investigate  the  influence 
of  seasons  on  the  structural  coefficients,  since  the  elastic  moduli  of 
the  recycled  material  are  not  the  same.   This  was  the  result  of  not  only 
the  temperature  but  also  the  curing  time.   The  effect  of  asphalt  content 
could  also  not  be  investigated,  since  the  total  asphalt  content  was 
assumed  to  have  been  constant  at  approximately  7  percent  by  weight  of 
the  mixture.   The  structural  coefficients  increased,  as  expected,  from 
the  high  deflection  cases  to  the  low  deflection  cases  (Figures  9.9  and 
9.10).   This  strengthens  the  idea  that  the  structural  coefficients  are 
a  function  mainly  of  the  stiffness  of  the  layer.   The  only  exception  is 
the  coefficient  combination  determined  with  the  fatigue  life  combination, 
Y4  in  which  the  coefficients  remained  constant. 

9.7.   Controlling  Criterion 
All  the  different  criteria  described  and  used  in  the  previous  para- 
graphs can  be  used  to  predict  the  service  life  of  the  pavement,  but  only 
one  will  determine  the  service  life  in  each  case.   The  criterion  that 
predicts  the  shortest  service  life  will  control  the  performance  of  the 
pavement.   The  controlling  criterion  for  all  the  pavement  sections  in 
this  study  was  either  the  subgrade  deformation  or  the  tensile  strain  at 
the  bottom  of  the  recycled  layer  depending  on  which  fatigue  life  relation- 
ship was  used.   Fatigue  relationship  3  (as  designated  in  Table  9.1) 
predicted  the  shortest  service  lives  in  all  cases.   Structural  coefficients 
calculated  with  this  relationship  were  less  than  0.05  for  the  AFTER1  case, 
bun  had  acceptable  values  for  the  AFTER2  case.   This  is  explainable  since 
it  is  unlikely  that  fully  cured  asphalt  layers  will  have  the  same  fatigue 
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characteristics  as  fresh  layers.   The  relationship  for  the  prediction 
of  the  service  life  based  on  the  subgrade  deformation  was  also  developed 
for  conditions  not  necessarily  similar  to  those  in  this  study.   The  co- 
efficients calculated  from  both  the  subgrade  deformations  and  the 
fatigue  life  relationship  3  are  nevertheless  given  in  Table  9.12  and 
displayed  in  Figure  9.17  for  the  AFTER2  case. 

9.8.   Different  Recycled  Layer  Thicknesses 
The  constructed  recycled  layer  was  5.5  inches  (140  mm)  and  all  the 
structural  coefficients  were  calculated  for  such  a  thickness.   Since 
the  structural  coefficients  are  also  a  function  of  the  thickness  of  the 
layer  the  structural  coefficients  were  also  calculated  for  recycled 
layer  thicknesses  of  3  and  8  inches  (75  and  200  mm).   The  5.5  inch  layer 
was  replaced  with  the  3  and  8  inch  (75  and  200mm)  layers  in  the  sections 
with  average  deflections  in  the  AFTER2  case.   The  coefficients  were 
calculated  as  previously  described.   The  coefficients  are  summarized  in 
Table  9.13  and  displayed  in  Figure  9.18.   Only  two  combinations  of 
fatigue  life  relationships,  viz.  X2  and  Y3,  gave  realistic  coefficients. 
The  coefficients  seem  to  increase  in  general  from  layers  of  5.5  inches 
(140  mm)  to  layers  of  8  inches  (200  mm),  independent  of  which  criterion 
is  used.   The  increases  were  small.   The  differences  between  the  co- 
efficients of  the  layers  of  3  and  5.5  inches  (75  and  140  mm)  were  large 
in  general,  but  they  decreased  or  increased  depending  on  which  criterion 
was  used.   The  coefficients  calculated  from  the  tensile  strains  in  the 
recycled  and  remaining  initial  pavement  layer  were  substantially  lower 
than  the  coefficients  calculated  from  other  criteria  for  a  thickness  of 
3  inches  (75  mm).   The  tensile  strains  at  the  bottom  of  the  asphalt 


259 


Table   9.12.   Structural  Coefficients  Based  on  the  Controlling  Criteria 


Criteria  Low  Average      High 

AFTER1   6  (D)  0.34         0.28         0.25 

v 

E  _(A)  0.11  *  * 

r2 


AFTER2   6  (D)  0.38         0.34         0.28 

e   (A)  0.36        0.27        0.10 


*:   less  than  0.05. 

For  an  explanation  of  the  criteria  see  Figure   9.1. 
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FIGURE  9. 1  7  STRUCTURAL  COEFFICIENTS  BASED 
ON  THE  CONTROLLING  CRITERIA 
(AFTER  I  AND  AFTER  2  CASES) 
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Table  9.13.   Effect  of  Recycled  Layer  Thickness  on  the  Structural 
Coefficient  (AFTER2  -  case) 


Thickness  (inches) 


Criteria  3  5.5 


A  (er2) 

B  (er2) 

C  (ev) 

D  (6s) 

E  <6J 

m 

X2 
Y3 


0.03 

0.23 

0.27 

0.16 

0.26 

0.28 

0.32 

0.32 

0.32 

0.36 

0.34 

0.35 

0.33 

0.33 

0.32 

0.42 

0.37 

0.38 

0.09 

0.27 

0.30 

For  explanation  of  criteria  see  Tables  9.1,  9.2  and  9.3, 


1  inch  =  25.4  nun 
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FIGURE  9. 1  8  EFFECT  OF  THE  RECYCLED  LAYER 
THICKNESS  ON  THE  STRUCTURAL  COEFFICIENT 
(AFTER  2  CASE) 
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layers  were  sensitive  to  changes  in  thickness  of  these  layers  especially 
thin  layers.   The  elastic  modulus  of  the  recycled  layer  used  in  this 
analysis  was  75000  psi  (517.5  MPa) . 

9.9.   Effect  of  the  Elastic  Modulus  on  the  Recycled  Layer 
The  structural  coefficients  increased  with  the  increase  in  the 
stiffness  of  the  layer.   This  was  evident  from  the  increase  in  coefficient 
values  from  low  deflection  to  high  deflection  pavement  sections  and  from 
the  AFTER1  to  the  AFTER2  case.   This  was  further  verified  by  regression 
analysis  on  the  coefficients  developed  from  the  subgrain  strain  and  de- 
flection and  the  tensile  strain  at  the  bottom  remaining  layer,  as  well 
as  the  fatigue  life  combination  X2.   The  regression  coefficients  are 
summarized  in  Table  9.14.   Figure  9.19  illustrates  the  influence  of  the 
resilient  modulus  on  the  structural  coefficient  with  E   (elastic  modulus 
of  the  recycled  layer)  as  the  only  independent  variable. 

9.10.   Summary  of  Results 

9.10.1.   Criteria  Used  in  the  Final  Analysis 
The  following  criteria  were  selected  for  future  use  in  order  to 
establish  some  reliable  ranges  within  which  the  structural  coefficients 
of  the  foamed  asphalt  recycled  layer  will  fall  and  which  can  be  used 
in  design: 

1.  The  subgrade  deformation  since  it  predicted  the  shortest  service 
life  (designated  as  D) . 

2.  The  maximum  compressive  strength  on  top  of  the  subgrade,  since 
it  has  been  widely  used  to  determine  structural  coefficients 
(designated  as  C) . 
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Table  9.14.   Regression  Coefficients  of  the  Structural  Coefficient  vs. 
Elastic  Modulus  of  the  Recycled  Layer 

a  =  m(E?)  +  c 


Criteria 

m 

c 

n 

R2 

X2 

0.2497  x  10~5 

0.1304 

24 

0.78 

C  (^ 

0.1428  x  10~5 

0.1665 

24 

0.84 

D  (6s) 

0.1296  x  10~5 

0.2170 

24 

0.79 

B  (er3) 

0.2071  x  10"5 

0.0697 

24 

0.84 

E„  in  psi. 


1  psi  =6.9  kPa. 


267 


o 
o 

o 
o 

■3- 


o 

o 
o 
o 

CM 


O 
O 

o 
o 
o 


o 
o 
o 
o 

CO 


o 
o 
o 
o 

CD 


o 
o 
o 
o 


a 

o 
o 

a 

CM 


CO 


CO 


a 


LU 


CO 
LU 
C£ 


LU 

X 


co 

ZD 

Q 
O 


g 

h- 

<  CO 
-J  H 

£o 

>-  Ll. 

<  Li- 
LU 
O 
O 


LU 

X 
H 


o 


_.  a 


-J 
< 

a: 

3 
h-  h- 
O  O 
LU   => 

u_  a: 

LU    CO 
CD 


CD 
LU 

<r 

CD 


a 
a 
a 

o 

=J- 


o 

a 
a 

o 

CJ 


!N3I3Idd303  lU^niGndlS 


268 


3.  Tensile  strain  at  the  bottom  of  the  remaining  initial  pavement 
layer,  since  the  maximum  tensile  strain  in  the  asphalt  layers 
occurred  in  this  position.   This  layer  was  the  same  in  both 
the  pavement  systems  with  the  recycled  and  the  AASHTO  layer. 
Equal  tensile  strain  would  therefore  predict  equal  performances 
(designated  as  B) . 

4.  Fatigue  life  of  the  recycled  and  AASHTO  layers,  based  on  the 
maximum  tensile  strain  at  the  bottom  of  these  layers.   One 
relationship  combination  (X2)  for  both  the  AFTER1  and  AFTER2 
cases  and  another  combination  for  each  of  the  cases  were 
selected.   The  section  was  based  on  the  coefficients  that  were 
calculated  using  all  eight  different  combinations.   The  foamed 
asphalt  recycled  layer  is  expected  to  have  different  fatigue 
characteristics  for  the  three  time  periods,  since  it  had 
different  curing  times.   Combinations  that  gave  coefficients 
of  less  than  0.05  or  more  than  0.44  were  considered  to  be  not 
applicable  to  the  foamed  asphalt  recycled  material  studied 
here.   The  two  combinations  used  were  Yl  for  the  AFTER1  case 
and  Y*3  for  the  AFTER2  case. 

9.10.2.   Assumptions  Made 

It  is  important  to  reconsider  the  assumptions  made  in  the  evaluation 
of  the  results.   Table  9.15  summarizes  the  most  important  assumptions 
made  in  the  determination  of  the  structural  coefficients.   Although 
these  assumptions  are  valid  they  could  have  influenced  the  results. 

The  final  conclusions  were  made  from  the  coefficients  calculated 
from  the  criteria  selected  in  section  9.10.1. 


Table  9.15  Assumptions 
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Procedure 


Assumption 


A.   Selection  of 
cross  sections 


B.   AASHTO  layer 


Coefficient 
determination 


General 


1.  Mr-9  relationships  for  the  granular 
material  were  valid  for  fall  and  spring 
conditions 

2.  9  calculated  at  the  center  of  the  granular 
layer  represented  the  9  of  the  layer. 

3.  Mr-a,  relationships  for  the  subgrade  were 

d 

valid  for  the  fall  and  spring  conditions 

4.  The  conversion  factor  to  convert  Dynaflect 
deflections  to  Benkelman-beam  deflections 
was  valid  for  deflections  at  all  5  sensors. 

5.  The  range  of  E  was  120000  to  250000  psi. 

6.  The  range  of  E  was  10000  to  50000  psi. 

1.  The  pavement  temperatures  were  accurately 
measured  during  deflection  measurements. 

2.  AASHTO  layer  E-temperature  relationships 
used  to  adjust  the  E  -values  are  applicable, 


1.   The  fatigue  life  relationships  used  were 
applicable  to  materials  in  this  study. 
(for  the  asphalt  materials  as  well  as  the 
subgrade) . 

1.  The  BISTRO  elastic  layer  program  is  a  good 
representation  of  the  actual  conditions  in 
all  cases  investigated. 


E  =  elastic  modulus  of  the  surface  layer. 

E_  =  elastic  modulus  of  the  remaining  initial  pavement  layer. 

Mr  =  resilient  modulus. 

9  =  bulk  stress 

O,   =   deviator  stress 

Q 


1  psi  =6.9  kPa. 
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9.10.3,   Conclusions 

1.  The  structural  coefficients  of  the  recycled  layer  increased 
with  time  after  construction. 

2.  The  structural  coefficients  were  largely  dependent  upon  the 
elastic  modulus  of  the  recycled  layer.   The  influence  of  the 
characteristics  of  the  surrounding  layers  were  very  small  for 
the  pavement  studied. 

3.  The  thickness  of  the  recycled  layer  influenced  the  coefficient 
values.  The  values  seem  to  have  increased  with  thickness,  but 
were  largely  dependent  on  the  criterion  used  in  their  calcula- 
tion. 

4.  The  structural  coefficients  of  the  recycled  material  one  day 
after  construction  (DURING  case)  varied  from  0.13  to  0.30 
calculated  from  the  tensile  strain  at  the  bottom  of  the  re- 
maining initial  pavement  layer,  subgrade  compressive  strain 
and  deformation.   The  section  with  the  average  deflections  had 
coefficients  between  0.19  and  0.24.   (Table  9.16) 

5.  The  structural  coefficients  of  the  recycled  layer  12  days 
after  construction  (AFTER1)  varied  from  0.11  to  0.39  when 
calculated  from  the  finally  selected  criteria.   The  average 
value  ranged  between  0.17  and  0.33.   Removal  of  the  0.17  value 
led  to  ranges  from  0.23  to  0.33.   (Table  9.16) 

6.  The  coefficient  250  days  after  construction  varied  from  0.10 
to  0.43.   The  values  of  the  selections  with  the  average  de- 
flections ranged  from  0.26  to  0.37.   (Table  9.16) 
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Table  9.16.   Summary  of  Structural  Coefficients 


Time  After 
Construction  (in  days) 


Structural  Coefficients 


All  5  Cross  Sections 
Per  Lane 


Only  Average 
Sections 


1  (DURING) 
12  (AFTER1) 

250  (AFTER2) 


0.13  to  0.30 
0.11  to  0.39 

0.10  to  0.43 


0.19  to  0.24 

0.17  to  0.33 
0.23  to  0.33* 

0.26  to  0.37 


*without  the  0.17, 
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7.  The  structural  coefficients  varied  with  thickness  of  the 
foamed  asphalt  recycled  layer.   The  structural  coefficient 
increased  slightly  from  a  range  of  0.26  to  0.37  to  a  range  of 
0.28  to  0.39  with  an  increase  in  thickness  from  5.5  inches 
(140  mm)  to  8  inches  (200  mm).   The  range  of  structural  co- 
efficients for  a  thickness  of  3  inches  (75  mm)  was  0.16-0.42. 

8.  The  structural  coefficients  were  influenced  mainly  by  the 

elastic  modulus  (E  )  of  the  recycled  layer.   The  coefficients 

2 
of  determination  (R  )  ranged  from  0.78  to  0.84  for  the  four 

criteria  with  only  E„  as  independent  variable. 

9.  It  is  not  possible  to  determine  a  single  structural  coefficient 
value  for  a  pavement  material  even  if  it  is  placed  in  a  constant 
thickness,  without  knowing  the  exact  fatigue  characteristics 

of  the  material.   The  structural  coefficient  is  extremely 
dependent  on  the  distress  criteria  used  in  the  determination 
process . 
The  condition  of  the  pavement  250  days  after  construction  is  a  good 
representation  of  the  fully  cured  and  compacted  in-situ  condition  of  the 
pavement.   Structural  coefficients  are  developed  from  and  for  the  fully 
cured  and  compacted  pavement  layers.   The  coefficients  determined  for 
the  AFTER2  case  represent  the  structural  coefficients  of  such  a 
condition.   The  coefficients  were  further  developed  for  spring  conditions, 
which  represents  the  poorest  condition  of  the  subgrade.   Structural  co- 
efficient values  of  0.26  to  0.37  can  therefore  be  used  for  foamed 
asphalt  recycled  layers  of  approximately  5  to  8  inches  (125-200  mm)  with 
a  resilient  modulus  at  70°F  (21°C)  of  approximately  140,000  to  150,000 
psi  (966  to  1035  MPa).   (Figure  9.20) 
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CHAPTER  10:   CONCLUSIONS  AND  RECOMMENDATIONS 

10.1.   Conclusions 
1.   The  main  purpose  of  this  study  was  to  determine  structural 
coefficients  for  a  specific  foamed  asphalt  recycled  layer. 
Different  criteria  were  used  to  determine  these  structural 
coefficients.   All  the  criteria  gave  different  coefficients. 
The  coefficients  further  changed  with  changes  in  thickness 
and  elastic  modulus  of  the  recycled  layer.   The  structural 
coefficients  tended  to  increase  slightly  for  layer  thicknesses 
of  eight  inches  (200  mm)  instead  of  5.5  inches  (140  mm).   Al- 
though the  thicknesses  and  properties  of  the  surrounding 
layers  influenced  the  structural  coefficient,  the  elastic 
modulus  of  the  foamed  asphalt  layer  had  the  largest  influence 
on  the  coefficients  independent  of  which  criteria  were  used. 
The  structural  coefficients  also  increased  with  time  after 
construction. 

Assumptions  had  to  be  made  in  this  study  regarding  the 
resilient  modulus  properties  of  the  asphalt  concrete  surface, 
the  remaining  initial  pavement  layer,  the  subbase  and  the 
subgrade  material,  as  well  as  the  fatigue  life  properties  of 
the  asphalt  layers  and  the  subgrade.   Without  this  information 
it  was  not  possible  to  determine  a  single  structural 
coefficient  even  for  a  specific  thickness,  elastic  modulus  and 
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time  after  construction  of  the  foamed  asphalt  recycled  layer. 
Four  criteria,  used  to  determine  the  structural  coefficients, 
were  selected  to  be  applicable  to  the  material  and  conditions 
in  the  study.   Three  were  based  on  subgrade  deformation, 
maximum  compressive  strain  in  the  subgrade  and  the  maximum 
tensile  strain  at  the  bottom  of  the  remaining  initial  pavement 
layer.   The  fourth  criterion  was  based  on  a  chosen  fatigue-life 
relationship  of  the  recycled  material  and  a  hot  asphalt  surface 
material.   Coefficients  determined  from  all  four  criteria  were 
used  to  predict  a  range  of  structural  coefficients  for  each 
case  investigated.   The  values  were  given  in  Table  9.16. 
2.   The  behavior  of  the  foamed  asphalt  mixture  was  investigated  as 
part  of  a  secondary  study.   Results  of  tests  showed  that  the 
strength  of  the  foamed  asphalt  recycled  mixture,  whether  it 
is  measured  as  resilient  modulus,  Marshall  variables,  Hveem-R- 
value  or  tensile  strength  decreased  with  stockpiling  of  the 
material  in  the  open,  as  well  as  with  the  submission  to  water. 
Results  of  water  sensitivity  tests  indicated  that  the  intro- 
duction of  water  had  a  deleterious  effect  on  the  strength  of 
the  foamed  asphalt  mixtures.   The  recycled  foamed  asphalt 
mixture  also  behaved  as  conventional  asphalt  mixtures  in  that 
the  resilient  modulus  and  tensile  strength  values  increased 
with  a  decrease  in  testing  temperature  and  increase  in  curing 
time.   The  foamed  asphalt  mixture  was  strong  enough  hours 
after  construction  to  carry  traffic. 
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3.   Dynaflect  deflection  characteristics  revealed  that  the  maximum 
deflections  and  surface  curvature  index  were  higher  a  few  days 
after  construction  on  the  pavement  with  the  recycled  layer 
than  on  the  initial  pavement.   This  situation  changed  over 
time  and  250  days  after  construction  the  deflection  character- 
istics were  very  similar,  indicating  that  the  recycled  pavement 
is  probably  equal  to,  and  surpassing,  the  initial  pavement  in 
strength.   Care  must  be  taken  in  using  the  Dynaflect  deflection 
characteristics  as  indicators  of  specific  properties  of  the 
pavement. 

10.2.   Recommendations 


1.  The  structural  coefficients  were  developed  for  a  specific 
foamed  asphalt  recycled  layer.   The  structural  coefficients 
determined  for  the  layer  250  days  after  construction,  under 
spring  conditions  can  be  used  in  the  design  of  a  similar  layer. 
The  structural  coefficient  range  suggested  for  use  in  design 

is  valid  for  a  foamed  asphalt  recycled  mixture  of  approximately 
five  to  eight  inches  (125  to  200  mm)  thick,  with  a  resilient 
modulus  value  of  approximately  140,000  to  150,000  psi  (966  to 
1035  MPa)  at  70°F  (21°C)  and  a  total  asphalt  content  of  about 
7  percent  by  weight  of  the  mixture.   The  structural  coefficient 
range  is  0.26  to  0.37  (Figure  9.20). 

2.  Foamed  asphalt  recycled  mixtures  are  also  susceptible  to  water. 
The  layer  should  therefore  be  protected  from  water  by  sufficient 
side  drainage  where  needed  and  the  penetration  of  water  from 
the  surface.   A  loss  in  strength  of  the  foamed  asphalt  recycled 
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mixture  should  also  be  minimized  by  avoiding  stockpiling  for 
long  periods  of  time. 

10..3.   Recommendations  for  Future  Research 
The  structural  coefficients  developed  in  this  study  are  only 
applicable  for  a  foamed  asphalt  mixture  with  a  rather  narrow  range  of 
properties.   Future  research  should  be  conducted  to  determine  the 
structural  coefficients  of  other  widely  used  recycled  mixtures  in  a 
similar  manner.   The  structural  coefficients  should  also  be  based  on 
the  in-situ  properties  of  the  recycled  layers  where  possible.   In  the 
analysis  it  is  important  to  know  the  resilient  modulus  properties  of  the 
granular  layers  and  the  subgrade.   These  properties  should  be  determined 
for  commonly  available  materials  in  Indiana,  not  only  for  the  determina- 
tion of  structural  coefficients,  but  also  for  use  in  the  mechanistic 
design  procedure. 

The  fatigue  characteristics  of  the  subgrade  and  especially  the 
fatigue  characteristics  of  recycled  layers  are  of  the  utmost  importance 
in  the  determination  of  structural  coefficients.   The  range  of  structural 
coefficients  given  in  this  study  and  in  future  studies,  where  the 
fatigue  characteristics  of  the  recycled  layer  are  not  known,  can  only 
be  narrowed  down  if  the  fatigue  characteristics  are  known.   Very  little 
research  has  been  done  to  establish  fatigue  life  relationships  for  cold 
recycled  mixtures.   Research  in  this  area  should  be  conducted,  ideally, 
prior  to  the  developing  of  further  structural  coefficients. 
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TABLE  A, 

.1  :  DYh 

IAFLECT  DEF 

LECTIONS 

J  TAKEN  IN  N( 

3UEMBI 

CBEFORE1)  ON 

THE  EASTBOUND  LANE 

STATION 

DYNAFLECT 

SENSOR 

NUMBER 

(0.1  MI)   1 

2 

3 

4 

5 

1 

1.630 

1.230 

.780 

.430 

.170 

2 

1.960 

1.200 

.760 

.380 

.260 

3 

1.620 

1.450 

.800 

.420 

.220 

4 

2.370 

2.190 

1.030 

.690 

.350 

5 

3.410 

2.680 

1.390 

.730 

.380 

6 

1.530 

1.320 

1.040 

.380 

.200 

7 

1.690 

1.190 

.510 

.280 

.160 

a 

1.260 

.850 

.520 

.230 

.140 

9 

1.230 

.950 

.570 

.330 

.240 

10 

1.230 

.950 

.560 

.330 

.240 

n 

1.710 

1.120 

.480 

.250 

.220 

IE 

1.130 

.930 

.460 

.320 

.240 

13 

.710 

.550 

.290 

.260 

.190 

14 

1.840 

1.350 

.690 

.670 

.480 

15 

2.010 

1.340 

.910 

.650 

.540 

IS 

1.430 

1.200 

.790 

.350 

.260 

17 

1.110 

.680 

.440 

.250 

.160 

18 

»SS0 

.750 

.460 

.290 

.170 

19 

.840 

.620 

.390 

.340 

.180 

20 

.650 

.540 

.400 

.220 

.190 

21 

1.040 

.800 

.430 

.260 

.170 

22 

.840 

.510 

.290 

.250 

.180 

23 

1.350 

1.130 

.780 

.490 

.330 

24 

1.230 

1.000 

.700 

.420 

.260 

25 

.960 

.760 

.410 

.230 

.130 

2S 

1.380 

.980 

.530 

.290 

.180 

27 

1.520 

1.190 

.790 

.350 

.210 

28 

1.260 

1.020 

.430 

.360 

.150 

29 

1.530 

1.160 

.620 

.340 

.160 

30 

1.040 

.740 

.340 

.300 

.100 

31 

1.120 

.900 

.640 

.260 

.150 

32 

1.060 

.870 

.440 

.290 

.180 

33 

1.590 

1.080 

.720 

.600 

.350 

34 

2.240 

1.420 

1.310 

.360 

.220 

35 

1.510 

.900 

.560 

.280 

.170 

36 

2.610 

1.550 

1.210 

.490 

.390 

37 

1.980 

1.350 

.780 

.300 

.130 

38 

1.490 

.980 

.700 

.290 

.150 

39 

2.040 

1.400 

.780 

.490 

.230 

40 

2.290 

1.430 

.780 

.420 

.240 

41 

2.050 

1.330 

.540 

.410 

.230 

42 

1.140 

1.020 

.510 

.380 

.310 

43 

2.080 

1.580 

.900 

.460 

.340 
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TABLE  A 

.2  :  DYMAFLECT  DEFLECTIONS 

TAKEN  IN  f 

IOUEMBE 

(BEFORE1)  ON 

THE  UE5TBOUND  LANE 

STATION 

DYNAFLECT 

SENSOR 

NUMBER 

(0.1  MI)   1 

2 

3 

4 

5 

1 

2.735 

1.694 

.774 

.345 

.153 

£ 

1.874 

1.287 

.551 

.E90 

.147 

3 

1.704 

1.132 

.807 

.306 

.£31 

4 

1.88S 

1.358 

.787 

.3E8 

.183 

5 

2.244 

1.785 

1.047 

.557 

.305 

6 

2.0G0 

1.642 

.915 

.653 

.315 

7 

1.420 

1.141 

.544 

.E94 

.196 

8 

1.232 

1.117 

.540 

.420 

.307 

9 

1.G74 

1.055 

.780 

.533 

.175 

10 

1.205 

1.078 

.601 

.339 

.198 

11 

1.344 

1.054 

.505 

.290 

.18£ 

IE 

1.117 

.77? 

.412 

.293 

.164 

13 

1.030 

.766 

.374 

.280 

.178 

14 

.686 

.437 

.332 

.269 

.£08 

15 

2.253 

1.548 

1.017 

.735 

.433 

1G 

1.918 

1.511 

.792 

.555 

.3£1 

17 

1.768 

1.244 

.738 

.410 

.£5£ 

18 

1.140 

.810 

.478 

.3S8 

.£04 

19 

.840 

.584 

.421 

.319 

.199 

20 

.930 

.687 

.374 

.E75 

.17£ 

21 

.627 

.539 

.3£8 

.£09 

.165 

22 

.902 

.631 

.420 

.E73 

.185 

23 

1.123 

.894 

.616 

.440 

.308 

24 

1.561 

1.204 

.771 

.486 

.3£6 

25 

1.4S8 

1.158 

.609 

.391 

.£45 

26 

1.033 

.744 

.438 

.300 

.190 

27 

1.541 

.926 

.490 

.395 

.£53 

28 

1.622 

1.172 

.601 

.376 

.£38 

29 

1.339 

.916 

.445 

.E59 

.186 

30 

1.193 

.983 

.372 

.E74 

.149 

31 

1.133 

.742 

.402 

.SEE 

.09E 

32 

1.083 

.773 

.464 

.£90 

.175 

33 

.718 

.464 

.342 

.£33 

.155 

34 

1.133 

1.114 

.76E 

.7£1 

.577 

35 

1.203 

.837 

.445 

.303 

.184 

3G 

1.535 

1.055 

.677 

.364 

.170 

37 

2.090 

1.384 

.870 

.580 

.£68 

38 

1.642 

.952 

.818 

.£94 

.£08 

39 

1.164 

.952 

.818 

.£94 

.£08 

40 

1.079 

•  95E 

.557 

.317 

.164 

41 

1.380 

1.466 

.879 

.517 

•  ESI 

42 

1.358 

1.172 

.661 

.404 

.£41 

43 

1.768 

1.365 

1.151 

1.096 

1.047 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  S5.4  MM 
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TABLE 

A. 3  :  DYNAFLECT  DEFLECTIONS 

TAKEN  IN 

MAY  19! 

(BEF0RE2)  ON 

THE  EA5TBOUND  LANE 

STATI 

3NS 

DYNAFLECT  5ENS0R 

NUNBER 

(0.1 

MI)   1 

2 

3 

4 

5 

1 

2.G50 

1.55G 

1.111 

.375 

.181 

2 

1.537 

1.121 

1.102 

.328 

.199 

3 

2.441 

1.G98 

1.499 

.589 

.302 

4 

3.413 

2.330 

1.080 

.632 

.373 

5 

3.525 

3.010 

1.478 

.736 

.292 

S 

3.219 

1.G54 

1.308 

.537 

.250 

7 

3.875 

2.238 

1.127 

.423 

.210 

8 

3.871 

1.408 

.717 

.392 

.266 

9 

3.780 

2.2G5 

1.696 

.596 

.257 

10 

3.578 

1.840 

.798 

.358 

.193 

11 

3.705 

1.800 

1.614 

.372 

.174 

IE 

3.524 

1.110 

.531 

.290 

.238 

13 

3.240 

1.045 

.748 

.397 

.206 

14 

3.850 

.G49 

.495 

.396 

.214 

15 

3.317 

2.441 

1.353 

.785 

.417 

1G 

3.471 

2.500 

1.501 

.583 

.322 

17 

3.208 

1.529 

1.126 

.547 

.271 

18 

3.230 

1.371 

.677 

.389 

.187 

19 

3.544 

1.102 

.616 

.383 

.230 

20 

3.172 

.780 

.452 

.296 

.177 

21 

3.247 

.867 

.559 

.338 

.213 

22 

3.GG4 

.512 

.296 

.286 

.157 

23 

3.53S 

1.310 

.966 

.635 

.536 

24 

3.5G2 

1.979 

1.0G2 

.598 

.379 

25 

3.524 

.9GG 

.805 

.376 

.230 

26 

3.004 

.876 

.525 

.491 

.391 

27 

3.800 

1.866 

.973 

.588 

.235 

28 

3.427 

1.636 

1.483 

.531 

.216 

29 

3.078 

2.075 

1.728 

.477 

.268 

30 

3.911 

1.391 

1.317 

.382 

.211 

31 

3.435 

1.121 

1.115 

.386 

.232 

32 

3.898 

.572 

.443 

.214 

.177 

33 

3.1G0 

.841 

.755 

.399 

.230 

34 

3.0GG 

2.155 

1.148 

.692 

.295 

35 

3.G13 

1.571 

.943 

.294 

.176 

36 

3.443 

3.035 

1.42G 

.899 

.306 

37 

3.002 

2.015 

.795 

.392 

.176 

38 

3.8G1 

2.930 

1.703 

.486 

.250 

39 

3.995 

1.619 

1.585 

.434 

.416 

40 

3.207 

1.975 

1.640 

.474 

.276 

41 

3. GIG 

2.080 

1.310 

.594 

.358 

42 

3.35G 

1.005 

.540 

.412 

.285 

43 

3.149 

2.171 

1.341 

.347 

.235 

ALL  DEFLECTI0N5  IN  MILS 
1  INCH  =  25.4  MM 


289 


TABLE 

A. 4  :  DYNAFLECT  DEFLECTIONS  TAKEN  IN 

MAY  191 

(BEF0RE2)  ON 

THE  WESTBOUND  LANE 

STATIONS 

DYNAFLECT  SENSOR 

NUMBER 

(0.1 

MI)   1 

2 

3 

4 

5 

1 

1.3S4 

.845 

.720 

.524 

.147 

2 

2.957 

1.S36 

.997 

.625 

.226 

3 

2.483 

1.8GG 

1.630 

.479 

.271 

4 

3.073 

2.371 

1.156 

1.070 

.248 

5 

2.329 

1.G17 

.862 

.422 

.189 

G 

1.845 

1.0G9 

.519 

.324 

.144 

7 

1.725 

1.072 

.586 

.435 

.199 

8 

2.555 

1.51G 

.681 

.465 

.245 

9 

2.790 

1.740 

1.327 

.628 

.170 

10 

2.025 

1.243 

.555 

.325 

.150 

11 

1.140 

.780 

.566 

.368 

.197 

12 

1.007 

.708 

.505 

.403 

.207 

13 

1.705 

.502 

.290 

.209 

.174 

14 

2.377 

1.477 

.674 

.407 

.324 

15 

2.2GG 

1.G50 

.892 

.424 

.284 

16 

2.752 

1.708 

.953 

.431 

.224 

17 

1.4G0 

1.013 

.497 

.323 

.148 

18 

1.3G3 

.92G 

.459 

.305 

.179 

19 

1.191 

.869 

.481 

.302 

.187 

20 

1.0G8 

.793 

.413 

.22G 

.184 

21 

1.734 

.434 

.291 

.204 

.167 

22 

1.G23 

1.380 

.928 

.509 

.485 

23 

2.G24 

1.844 

.767 

.411 

.379 

24 

1.504 

1.057 

.628 

.355 

.2G0 

25 

1.G34 

1.160 

.668 

.305 

.197 

2G 

2.114 

1.340 

.723 

.387 

.191 

27 

1.808 

1.209 

.502 

.308 

.120 

28 

2.103 

1.25G 

.662 

.307 

.1G9 

29 

1.3G4 

.775 

.402 

.204 

.138 

30 

1.094 

.875 

.751 

.281 

.158 

31 

1.979 

1.602 

.961 

.238 

.175 

32 

1.214 

.967 

.587 

.403 

.218 

33 

2.1G9 

1.512 

1.420 

.388 

.171 

34 

1.995 

1.568 

1.281 

.489 

.173 

35 

2.277 

1.747 

1.058 

.4G7 

.351 

3G 

2.500 

1.65G 

.951 

.282 

.174 

37 

2.24G 

1.G94 

.660 

.469 

.183 

38 

1.597 

.918 

.560 

.253 

.151 

39 

2.20G 

1.438 

.663 

.409 

.255 

40 

2.255 

1.628 

.851 

.518 

.350 

41 

1.973 

.725 

.528 

.333 

.258 

42 

1.845 

1.242 

1.223 

.350 

.175 

43 

2.149 

1.353 

.882 

.440 

.276 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  25.4  MM 
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TABLE  A.  5 


DYNAFLECT  DEFLECTIONS  TAKEN  IN  SEPTEMBER  1981 
(DURING)  ON  THE  EASTBOUND  LANE 


STATION 
(0.1  MI)   1 


DYNAFLECT  SENSOR  NUMBER 
2        3        4 


0 

2.100 

1.G30 

.870 

.490 

.250 

1 

2.170 

1.340 

.4G0 

.220 

.120 

2 

1.440 

.950 

.420 

.240 

.150 

3 

1.5S0 

1.210 

.610 

.410 

.220 

4 

2.3S0 

1.G40 

1.190 

.530 

.210 

5 

3.G30 

2.G30 

1.2G0 

.GOO 

.260 

S 

2.980 

2.040 

.810 

.380 

.180 

7 

2.3G0 

1.410 

.480 

.230 

.130 

8 

1.890 

1.290 

.550 

.300 

.170 

9 

3.100 

1.780 

.470 

.220 

.120 

10 

2.940 

1.840 

.640 

.300 

.140 

11 

2.220 

1.540 

.580 

.270 

.140 

12 

1.450 

1.040 

.470 

.270 

.160 

13 

1.480 

1.010 

.500 

.330 

.200 

14 

1.480 

1.210 

.700 

.510 

.320 

15 

2.210 

1.750 

.970 

.620 

.350 

IS 

2.250 

1.750 

.930 

.560 

.270 

17 

1.450 

1.100 

.580 

.3G0 

.200 

18 

1.590 

1.010 

.450 

.260 

.140 

19 

1.290 

.880 

.430 

.260 

.160 

20 

1.5G0 

LOGO 

.460 

.250 

.140 

21 

1.G80 

1.280 

.610 

.360 

.200 

22 

.870 

.G70 

.380 

.270 

.180 

23 

2.090 

1.730 

1.020 

.730 

.470 

24 

2.330 

1.770 

.850 

.470 

.2G0 

25 

1.470 

1.070 

.470 

.260 

.150 

2G 

2.440 

1.5S0 

.670 

.350 

.190 

27 

2.500 

1.G70 

.700 

.350 

.190 

28 

1.980 

1.300 

.520 

.240 

.100 

29 

1.7G0 

1.220 

.530 

.280 

.140 

30 

1.G50 

1.010 

.380 

.200 

.100 

31 

1.G10 

1.170 

.490 

.250 

.140 

32 

1.110 

.770 

.380 

.240 

.150 

33 

2. GOO 

2.020 

1.160 

.820 

.500 

34 

2.300 

1.G40 

.710 

.310 

.150 

35 

1.590 

1.170 

.540 

.290 

.150 

36 

2.920 

2.0G0 

.790 

.350 

.150 

37 

2.850 

1.900 

.700 

.290 

.130 

38 

3.030 

2.170 

.880 

.410 

.190 

39 

2.900 

1.800 

.560 

.200 

.070 

40 

2.910 

1.910 

.800 

.410 

.200 

41 

2.320 

1.5G0 

.670 

.410 

.220 

42 

1.910 

1.3G0 

.810 

.510 

.340 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  25.4  MM 
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TABLE  A 

.6  :  DYNAFLECT  DO 

SECTIONS 

TAKEN  IN 

SEPTEMI 

(AFTFR1  i  All 

mi  rnsTimiiiin  i  ami 

STATION 

DYNAFLECT  SENSOR 

NUMBER 

(0.1  MI)   1 

2 

3 

4 

5 

1 

1.800 

1.140 

.670 

.420 

.230 

2 

2.090 

1.220 

.580 

.330 

.170 

3 

2.070 

1.280 

.670 

.370 

.190 

4 

1.850 

1.260 

.770 

.510 

.290 

5 

3.080 

1.930 

.790 

.630 

.300 

G 

2.280 

1.510 

.880 

.540 

.290 

7 

2.230 

1.470 

.840 

.500 

.260 

8 

2.050 

1.150 

.550 

.320 

.130 

9 

1.710 

1.010 

.520 

.300 

.180 

10 

2  230 

1.260 

.590 

.320 

.180 

11 

2.080 

1.270 

.660 

.400 

.230 

12 

1.G70 

1.020 

.530 

.300 

.160 

13 

1.160 

.730 

.420 

.290 

.180 

14 

1.220 

.860 

.610 

.420 

.260 

15 

.760 

.500 

.330 

.260 

.180 

1G 

2.750 

1.990 

1.390 

1.050 

1.030 

17 

1.900 

1.360 

.900 

.650 

.380 

18 

1.500 

.980 

.580 

.400 

.230 

19 

1.260 

.840 

.490 

.340 

.200 

20 

1.280 

.840 

.490 

.340 

.200 

21 

1.340 

.850 

.490 

.330 

.200 

22 

1.280 

.840 

.490 

.350 

.220 

23 

.760 

.510 

.340 

.280 

.190 

24 

1.510 

1.120 

.830 

.710 

.510 

25 

2.140 

1.490 

.920 

.630 

.350 

2G 

1.900 

1.220 

.700 

.470 

.380 

27 

1.520 

.980 

.570 

.400 

.230 

28 

1.690 

1.050 

.560 

.350 

.190 

29 

2.200 

1.350 

.700 

.420 

.200 

30 

1.720 

1.080 

.600 

.380 

.180 

31 

1.120 

.690 

.370 

.230 

.120 

32 

1.130 

.720 

.390 

.260 

.150 

33 

.830 

.540 

.320 

.240 

.160 

34 

2.180 

1.450 

.950 

.740 

.490 

35 

2.100 

1.380 

.810 

.520 

.270 

3G 

1.530 

.980 

.560 

.370 

.200 

37 

2.680 

1.750 

1.010 

.650 

.330 

38 

2.180 

1.430 

.780 

.460 

.200 

39 

2.290 

1.390 

.690 

.370 

.150 

40 

2.080 

1.350 

.760 

.460 

.210 

41 

2.970 

1.820 

1.000 

.620 

.310 

42 

2.280 

1.470 

.850 

.550 

.300 

43 

.640 

.570 

.510 

.490 

.400 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  25.4  MM 
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TABLE  A. 

,7  :  DYNAFLECT  DEFL 

ZCTIONS" 

TAKEN  IN  E 

JEPTEMB1 

( AFTER 1)  ON  THE  UESTBOUND  LANE 

STATIOM 

DYNAFLECT  SENSOR 

NUMBER 

(0.1  MI)   1 

2 

3 

4 

5 

1 

1.920 

1.350 

.840 

.570 

.310 

2 

3.000 

1.790 

.850 

.410 

.170 

3 

2.050 

1.2S0 

.640 

.380 

.190 

4 

1.780 

.910 

.420 

.250 

.150 

5 

2.800 

1.G70 

.800 

.410 

.170 

G 

4. GOO 

2.800 

1.390 

.640 

.200 

7 

3.880 

2.480 

1.290 

.680 

.270 

a 

1.050 

.GOO 

.320 

.220 

.150 

9 

1.420 

.980 

.620 

.430 

.260 

10 

1.320 

.340 

.470 

.300 

.160 

11 

1.890 

1.250 

.720 

.450 

.230 

12 

2.210 

1.420 

.770 

.420 

.200 

13 

2.080 

1.190 

.530 

.280 

.150 

14 

1.3G0 

.860 

.490 

.320 

.180 

15 

.910 

.BIO 

.390 

.290 

.200 

IB 

2.330 

l.GGO 

1.120 

.830 

.470 

17 

2.840 

1. 360 

1.160 

.750 

.380 

18 

3.800 

2.350 

1.160 

.610 

.260 

19 

1.850 

1.1G0 

.610 

.370 

.200 

20 

1.370 

.910 

.560 

.380 

.230 

21 

1.100 

.710 

.410 

.280 

.170 

22 

1.180 

.830 

.510 

.360 

.220 

23 

LOGO 

.700 

.430 

.310 

.200 

24 

1.550 

1.130 

.760 

.580 

.360 

25 

2.330 

1.580 

.950 

.620 

.330 

2S 

2.970 

1.820 

.970 

.600 

.330 

27 

1.550 

.970 

.510 

.320 

.170 

23 

2.150 

1.3G0 

.740 

.470 

.260 

29 

1.850 

1.240 

.720 

.460 

.250 

30 

1.280 

.800 

.460 

.310 

.170 

31 

1.230 

.730 

.360 

.220 

.120 

32 

1.380 

.860 

.440 

.270 

.150 

33 

1.310 

.880 

.530 

.360 

.220 

34 

.810 

.530 

.350 

.270 

.190 

35 

2.270 

1.390 

.720 

.420 

.220 

3G 

2.410 

1.4G0 

.690 

.360 

.170 

37 

3.220 

2.060 

1.120 

.680 

.330 

38 

2.330 

1.830 

.910 

.480 

.190 

39 

2.550 

1.520 

.800 

.460 

.220 

40 

1.430 

.830 

.440 

.260 

.130 

41 

2.750 

1.640 

.840 

.500 

.270 

42 

2.470 

1.520 

.810 

.510 

.280 

43 

2.GG0 

2.130 

1  .950 

2.030 

1.780 

ALL  DEFLECTIONS  IN  NILS 
1  INCH  =  25.4  MM 
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TABLE  A, 

,8  :  DYNAFLECT  DE 

FLECTIONS" 

TAKEN  IN  M 

AY  1981 

(AFTER2)  ON 

THE  EASTBOUND  LANE 

STATION 

DYNAFLE 

CT  SENSOR 

NUMBER 

(0.1  MI)   1 

2 

3 

4 

5 

0 

2.330 

1.810 

1.120 

.640 

.360 

1 

2.930 

1.920 

.900 

.390 

.180 

2 

2.190 

1.4S0 

.730 

.340 

.180 

3 

2.5G0 

1.930 

1.190 

.680 

.400 

4 

2.440 

1.800 

.980 

.470 

.230 

5 

3.200 

2.410 

1.400 

.710 

.340 

G 

2.920 

2.250 

1.280 

.610 

.280 

7 

2.400 

1.420 

.690 

.370 

.230 

3 

2.050 

1.480 

.820 

.430 

.230 

9 

2.310 

1.310 

.560 

.260 

.150 

10 

2.830 

1.840 

.890 

.410 

.200 

11 

1.720 

1.200 

.640 

.330 

.190 

12 

1.770 

1.170 

.610 

.320 

.200 

13 

1.240 

.990 

.680 

.450 

.310 

14 

.810 

.560 

.370 

.260 

.190 

15 

3.G20 

2.990 

2.060 

1.290 

.800 

IS 

2.310 

1.730 

.990 

.560 

.320 

17 

1.G70 

1.200 

.700 

.380 

.220 

18 

1.4G0 

1.020 

.570 

.320 

.190 

19 

1.G30 

1.170 

.660 

.370 

.230 

20 

1.140 

.790 

.500 

.310 

.210 

21 

1.470 

1.100 

.690 

.430 

.280 

22 

1.100 

.770 

.480 

.300 

.210 

23 

1.G70 

1.390 

1.070 

.810 

.630 

24 

2.070 

1.480 

.870 

.490 

.300 

25 

1.790 

1.1G0 

.640 

.400 

.280 

26 

2.010 

1.350 

.760 

.440 

.280 

27 

1.740 

1.120 

.540 

.260 

.150 

28 

2.5G0 

1.G90 

.890 

.440 

.220 

29 

2.270 

1.570 

.880 

.450 

.230 

30 

1.G70 

1.100 

.550 

.270 

.140 

31 

1.480 

1.010 

.570 

.330 

.200 

32 

.780 

.560 

.380 

.270 

.200 

33 

1.5G0 

1.210 

.830 

.570 

.420 

34 

2.400 

1.840 

1.100 

.590 

.320 

35 

2.080 

1.330 

.720 

.380 

.220 

3G 

3.830 

2.720 

1.520 

.790 

.430 

37 

3.200 

2.160 

1.150 

.520 

.210 

38 

3.270 

2.240 

1.160 

.530 

.240 

39 

1.580 

1.130 

.610 

.300 

.140 

40 

2.950 

2.070 

1.150 

.610 

.350 

41 

2.570 

1.780 

1.000 

.570 

.360 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  25.4  MM 
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TABLE  ft. 9 


DYMftFLECT  DEFLECTIONS  TAKEN  IN  MAY  1982 
(AFTER2)  ON  THE  UESTBOUND  LAME 


STATION 
(0.1  MI)   1 


DYNAFLECT  SENSOR  NUMBER 
2        3        4 


0 

2.9G0 

1.900 

.900 

.420 

.200 

1 

2.9G0 

1.900 

.900 

.420 

.200 

2 

2.960 

1.900 

.900 

.420 

.200 

3 

5.G70 

4.110 

2.320 

1.220 

.580 

4 

4.G50 

2.710 

1.090 

.410 

.150 

5 

3.530 

2.380 

1.240 

.G10 

.290 

G 

3.050 

2.010 

.970 

.430 

.210 

7 

2.170 

1.370 

.G90 

.370 

.220 

8 

1.580 

1.150 

.G80 

.400 

.230 

9 

1.G40 

1.130 

.640 

.360 

.210 

10 

2.540 

1.850 

LOGO 

.570 

.300 

11 

2.0G0 

1.220 

.590 

.310 

.170 

12 

1.8G0 

1.180 

.590 

.320 

.190 

13 

1.280 

.910 

.600 

.390 

.2G0 

14 

LOGO 

.820 

.580 

.430 

.330 

15 

4.790 

3.GG0 

2.3G0 

1.470 

.900 

1G 

2.4G0 

1.810 

1.090 

.G40 

.380 

17 

2.830 

1.G70 

.750 

.340 

.180 

18 

1.730 

1.150 

.620 

.350 

.210 

19 

1.G50 

1.170 

.680 

.400 

.250 

20 

1.140 

.750 

.470 

.310 

.230 

21 

1.200 

.840 

.490 

.310 

.230 

22 

.740 

.530 

.380 

.280 

.220 

23 

1.300 

1.020 

.700 

.500 

.360 

24 

2.300 

1.790 

1.090 

.650 

.380 

25 

1.990 

1.390 

.810 

.480 

.300 

2G 

1.960 

1.390 

.780 

.450 

.270 

27 

1.930 

1.170 

.5G0 

.2S0 

.170 

28 

2.080 

1.480 

.820 

.450 

.250 

29 

2.010 

1.400 

.790 

.440 

.240 

30 

1.540 

.950 

.470 

.250 

.150 

31 

1.700 

1.110 

.580 

.320 

.200 

32 

1.180 

.8S0 

.5G0 

.370 

.260 

33 

1.910 

1.370 

.900 

.620 

.470 

34 

2.5G0 

1.710 

.900 

.490 

.280 

35 

3.200 

2.1G0 

1.140 

.550 

.270 

3G 

4.G70 

3.370 

1.870 

.960 

.490 

37 

3.150 

2.090 

1.030 

.470 

.200 

38 

3.090 

2.150 

1.150 

.580 

.300 

39 

1.710 

1.210 

.690 

.400 

.230 

40 

3.440 

2.530 

1.380 

.740 

.390 

41 

2.420 

1.850 

1.080 

.650 

.420 

42 

2.470 

1.800 

1.050 

.610 

.380 

ALL  DEFLECTIONS  IN  MILS 
1  INCH  =  25.4  MM 


